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Abstract  
 
The quantification of forest structure is important for a variety of disciplines, including ecology 
and management, as vegetation structure is related to a wide variety of ecosystem processes. This 
research investigates the estimation of forest structural variables from small-footprint airborne 
LiDAR capturing both discrete return (DR) and full waveform (FW) data. The study site is in 
southern England and contains a variety of forest structural types. The DR and FW LiDAR data 
were acquired simultaneously using a Leica ALS50-II system, under both leaf-on and leaf-off 
conditions. The DR data had up to four discrete returns per laser pulse, with an average of ~4 
pulses (i.e. first/only returns) per sq. metre. The FW data were acquired at a rate of ~2.5 pulses (i.e. 
full waveform) per sq. metre. Point data were generated from each waveform through Gaussian 
decomposition, yielding 1-11 returns per pulse (mode = 5). Metrics derived from each return 
point included: x-, y- and z-coordinates, plus intensity (DR only), or amplitude and width (FW 
only). Field data collection was conducted in 21 field plots (30 x 30m in size), located across a 
stratification of forest structural properties within the study site. A number of forest inventory 
metrics were recorded per plot, including: (i) tree height; (ii) tree stem count; (iii) tree diameter at 
breast height (DBH); (iv) tree crown base height; (v) canopy cover; (vi) standing deadwood 
(snag) volume; and (vii) seedling number. This dataset formed the basis for ‘training’ subsequent 
statistical models. For each field plot area several hundred metrics were extracted from both the 
DR and FW LiDAR data, using both individual tree crown and area-based approaches. These 
LiDAR metrics were used for direct comparison with field data and in least-squares stepwise 
linear regression analysis to model forest structure. Compared with field data, dominant height 
and canopy cover were derived from the airborne LiDAR data with an RMSE of 1.31m and 10% 
(FW) and 1.32m and 13% (DR) respectively. Of the ten field variables modelled with regression 
analysis, five were modelled with a higher R2 value using FW LiDAR data, two were modelled 
with a higher R2 value using DR LiDAR data, and three were modelled with very similar R2 
values (i.e. within 0.05) using both LiDAR datasets. Although further analysis and validation is 
still required, these results suggest that full waveform LiDAR data describe the structural 
components of woodland to an equal (or better) level of accuracy than discrete return data, in spite 
of a considerably lower spatial sampling rate due to the waveform digitisation process. 
 
1. Introduction  
 
The quantification of forest structure is important for a variety of disciplines, including ecology 
and management, as vegetation structure is related to a wide variety of ecosystem processes. Due 
to the spatially heterogeneous nature of landscapes, woodland inventory can be applied at a 
variety of scales, from the individual tree to the landscape-scale. Airborne LiDAR systems can 
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capture information which may be used to estimate forest structural metrics over wide areas 
(Anderson et al 2008; Coops et al 2004), and can provide a means to characterise woodlands in a 
manner previously impossible through fieldwork alone. LiDAR data can be used to describe 
vegetation structure and to a certain extent to derive information on the height and density of 
different elements of forest strata. Excellent recent reviews of the application of LiDAR data for 
forest assessment have been provided by Hudak et al (2009) and Wulder et al (2012). 
 
Most commercial LiDAR systems used in forest inventory over the past decade deliver discrete 
return (DR) point data. Due to limitations in the electronics of many airborne laser scanning 
systems, only surfaces that are sufficiently spaced apart (typically >2.5m) can be distinguished in 
separate returns. Recently full-waveform (FW) LiDAR has become available which records the 
whole of the returned laser waveform, potentially allowing for more detailed processing (Persson 
et al 2005) and a more advanced understanding of the factors influencing the return signal over 
forested areas (Wagner et al 2008; Lin et al 2010). The potential of small-footprint FW LiDAR 
systems has already been investigated for tree species classification (Heinzel and Koch 2011; 
Vaughn et al 2011), single tree segmentation (Reitberger et al 2009) and above ground biomass 
estimation (Kronseder et al 2012). Pirotti (2011) reviewed DR and FW LiDAR systems for forest 
inventory based on the published scientific literature. Whilst an extremely useful overview, this 
did not draw conclusions from directly comparable systems or experimental set-ups. To date then, 
few studies have approached the issue of directly comparing the capabilities of small-footprint 
FW and DR LiDAR data for forest inventory. Chauve et al (2009) compared the size of point 
clouds and the resulting quality of Digital Terrain Models (DTMs) and Canopy Height Models 
(CHMs) from DR and FW LiDAR; whilst Lindberg et al (2012) compared the ability of 
small-footprint DR and FW LiDAR data for forest volume estimation, concluding that FW data 
characterised volumes to a somewhat better degree than DR data.   
 
This paper compares the estimation of common forest structural variables from small-footprint 
airborne LiDAR which simultaneously captured both discrete return (DR) and full waveform 
(FW) data. The study area in southern England contains a variety of forest structural types, 
including managed plantation, semi-ancient coniferous and deciduous woodland. 
 
2. Field Site 
 
The study site is located within the New Forest National Park in southern England. The New 
Forest lies to the west of Southampton, and covers 37,677 hectares (Forestry-Commission 2011). 
The New Forest is recognised as being of international importance to nature conservation for its 
extensive tracts of semi-natural vegetation and ecologically valuable habitats. This research is 
focused on a 3x6 km area with the central coordinates of 50° 49’ 33” N, 1° 30’ 3” W. This area 
includes the Frame-Heath, Hawkhill, Denny, Denny-Lodge and Stockley Incolsures. These 
woodlands are actively managed by the Forestry Commission and are typically fenced and subject 
to felling. In addition Tantany, Frame, and Denny Woods are semi-ancient woodland, which are 
unenclosed and are not subject to felling operations.   
 
The study area contains several types of semi-natural and plantation coniferous and deciduous 
forests. Broadleaf species include: Oaks (Quercus robur and Quercus petrea), Beech (Fagus 
sylvatica) and Holly (Ilex aquifolium), while coniferous species include: Corsican Pine (Pinus 
nigra var maritime), Scots Pine (Pinus sylvestris), Douglas Fir (Pseudotsuga menziesii) and 
Norway Spruce (Picea abies) (Koukoulas and Blackburn 2004; Newton et al 2010). This array of 
forest types within close proximity of each other, presents a wide range of available structural 
variables of interest, such as canopy gaps and the presence of deadwood.  
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3. Data 
 
Ground survey work was completed between June and September 2010, using 21 square plots 
located throughout Frame-Heath and Hawkhill Inclosues, in addition to Frame and Tantany 
Woods, as indicated in Figure 1. Plot locations were established though a random stratification of 
a Normalised Difference Vegetation Index (NDVI) image, produced from 2007 CASI-2 data. 
According to Gamon et al (1995) and Kalacska et al (2004), NDVI values correlate with different 
forest canopy structural types. The plot size was established as 30m x 30m, with a 10m x 10m 
subplot located in the south-west corner. A differential GPS (dGPS) system, the Leica GPS 500 
(Leica Geosystems) and a Sokkia 6F total station (Sokkia Topcon Co. Ltd.) were then utilised to 
reference each of the plot corners beneath the canopy, recording each in British National Grid 
(BNG) coordinates with an accuracy of better than 0.5m. Table 1 summarises the field metrics 
recorded. In addition, various extra measures were calculated from the field plot data, e.g. tree 
diameter at breast height (DBH) was derived from the girth measurements. For validation 
purposes, 20 additional field plots were surveyed in summer 2012. These newer plot locations 
were identified again by a random stratification of the NDVI image, and recorded the same 
information as the previous work. The validation plots were located in Denny, Denny-Lodge and 
Stockly Inclosures, in addition to Denny Wood.   
 
Table 1: Field plot attributes 
Tree species metrics 
Leaf Area Index, Canopy Openness. 
Estimate of Canopy Layers 
Tree X- Y- Coordinates, Tree Species, Girth (m) (circumference at 1.3m height), Tree Height (m), Height 
of First Live Branch (m) (canopy base), Tree Crown Horizontal Extent (m) and assessment of Canopy 
Health: [1-4]. [For trees with circumference >1.3m] 
Number of Saplings and Species (height > 1.3m and circumference <8cm) 
Number of Seedlings and Species (height < 1.3m) 
Ground vegetation metrics 
Species, Height, and Horizontal Extent of Shrub Vegetation (if >1m height) 
Vascular Plants Percentage Cover, Estimate of Percentage Bare Soil  
Estimate of Percentage Cover of Moss on Trees and Ground  
Deadwood metrics 
Height of Snags (m), Girth of Snag (m), Snag Decay Class: [Light (1) - Heavy (3)] 
Fallen Tree Length (m), Fallen Tree Girth (m), Fallen Tree Decay Class: [Light (1) - Heavy (3)].  
Fallen Branch Length (m), Fallen Branch Girth (m), Fallen Branch Decay Class: [Light (1) - Heavy (3)] 
 
 
Airborne LiDAR data were acquired using a Leica ALS50-II system on two dates, 8th April and 
6th July 2010, in order to collect data under leaf-off and leaf-on conditions respectively. Both 
discrete return (DR) and full-waveform (FW) small-footprint LiDAR data were captured 
simultaneously using the same scanner for both dates. The data capture specifications are 
summarised in Table 2. The DR data had up to four discrete returns per laser pulse, with an 
average of 4 pulses (i.e. first/only returns) per sq. metre. The FW data were acquired at an average 
rate of 1 pulse (i.e. full waveform) per sq. metre. For the DR data, x-, y- and z-coordinates, 
intensity, and return number were supplied for the first, intermediate, and last significant return 
per pulse. For the FW data, 256 return signal amplitude values (sampled every two nanoseconds 
for the April data and every one nanosecond for the July data) were supplied for each pulse. 
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Table 2: LiDAR data acquisition specifications 
 Discrete Return 
LiDAR 
(leaf-off) 
Discrete Return 
LiDAR 
(leaf-on) 
Full Waveform 
LiDAR 
(leaf-off) 
Full Waveform 
LiDAR 
(leaf-on) 
Flying altitude (m) 1595 1602 1595 1602 
Swath width (m) 551.2 556.0 551.2 556.0 
Scan half angle 9.80° 9.84° 9.80° 9.84° 
Beam divergence (mr) 0.22 0.22 0.22 0.22 
Ground sample rate ~4 pulse returns 
per m2 
~4 pulse returns 
per m2 
~2.5 pulse 
returns per m2 
~2.5 pulse 
returns per m2 
 
4. LiDAR data processing and analysis 
 
The DR LiDAR point cloud data required filtering to separate the ground and vegetation hits so 
that ground elevation could be determined and used to derive the above-ground height of the 
vegetation within the study area. To that end, the RSCLAS Tools (Armston 2012) software was 
used which employs a progressive morphological filter, as outlined in Zhang et al (2003). Ground 
elevation values were then removed from the DR LiDAR dataset to yield vegetation height. 30 x 
30m polygons were created corresponding to the field plot locations and area statistics were 
produced for each plot including: maximum, minimum, mean, skewness, kurtosis, etc, as in 
Falkowski et al (2009) and Hudak et al (2008). These LiDAR metrics were extracted separately 
for both the leaf-on and leaf-off datasets, and for the points separated into ground and vegetation 
returns or all returns combined. This totalled 172 metrics from the DR LiDAR data for each 30 x 
30m field plot area. 
 
The FW LiDAR data required a number of additional steps in order to derive a point cloud from 
the recorded waveforms. The FW data were processed utilising Gaussian decomposition (Wagner 
et al 2006) in SPDlib software (http://sourceforge.net/projects/spdlib/). This yielded between 1 
and 11 returns per pulse (mode = 5), supplying x-, y- and z- coordinates, amplitude and width per 
pulse (Bunting et al.2011a; 2011b). SPDlib also provided tools for vegetation filtering and 
normalisation, again using the progressive morphological filter as outlined in Zhang et al (2003). 
As with the DR data, area-based LiDAR metrics were extracted for the field plot areas separately 
for both the leaf-on and leaf-off datasets, and for the derived points separated into ground and 
vegetation returns or all returns combined. This totalled 270 metrics from the FW LiDAR data for 
each 30 x 30m field plot area. The area-based statistics extracted from both DR and FW LiDAR 
data are summarised in Table 3. 
 
In addition, TIFFS software (http://www.globalidar.com/) was used to delineate individual tree 
crowns (ITC) in the overstorey using leaf-on LiDAR data (DR and FW separately) and 
subsequently to calculate their 3D position, height (m), crown horizontal area (m2) and crown 
volume (m3). The extraction technique in TIFFS software is based upon that presented in Chen et 
al (2007). This resulted in a GIS database of individual tree locations and other attributes. These 
ITC metrics were then summarised and/or totalled from the individual tree to the plot level (30 x 
30m), yielding a single summary value for the number of trees within each 30 x 30m area, average 
tree height, the mean/total horizontal extent and the mean/total volume of the tree crowns. The 
average and standard deviation of ITC spacing was also estimated and summarised at the 30 x 
30m level using R software (http://cran.r-project.org/).   
 
For each field plot, hundreds of metrics were extracted from both the DR and FW LiDAR data, 
using both individual tree crown and area-based approaches. These LiDAR metrics were used for 
direct comparison with field data and in least-squares stepwise linear regression to model forest 
structure. This approach was utilised to test every possible permutation of LiDAR metrics in 
order to estimate the plot-level forest variables. 
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Table 3: Summary of extracted LiDAR metrics for both DR and FW data (including variable codes*) 
ITC metrics Normalised Height: Intensity/pulse 
amplitude: 
Pulse width: 
Mean tree heights 
(ITC_ht) 
- Minimum  
(min_amp) 
Minimum  
(min_wid) 
Mean crown area (m2) 
(ITC_mean_area) 
Maximum  
(max_ht) 
Maximum  
(max_amp) 
Maximum  
(max_wid) 
Total crown area (m2) 
(ITC_tot_area) 
Mean  
(mean_ht) 
Mean  
(mean_amp) 
Mean  
(mean_wid) 
Mean Geometric 
Canopy Volume (m3) 
(ITC_mean_vol) 
Median  
(med_ht) 
Median  
(med_amp) 
Median  
(med_wid) 
Total Geometric 
Canopy Volume (m3) 
(ITC_tot_vol) 
Standard Deviation 
(STD_ht) 
Standard Deviation 
(STD_amp) 
Standard Deviation 
(STD_wid) 
Average distance 
between trees (m) 
(ITC_dist) 
Variance  
(var_ht) 
Variance  
(var_amp) 
Variance  
(var_wid) 
Standard deviation of 
tree distance (m) 
(ITC_STD) 
Absolute deviation 
(AD_ht) 
Absolute deviation 
(AD_amp) 
Absolute deviation 
(AD_wid) 
Number of tree 
crowns in plot  
(ITC_tree_no) 
Skewness  
(skw_ht) 
Skewness  
(skw_amp) 
Skewness  
(skw_wid) 
- Kurtosis  
(kur_ht) 
Kurtosis  
(kur_amp) 
Kurtosis  
(kur_wid) 
- Percentiles at 5% 
intervals 
(p5,p10…p90,p95) 
Percentiles at 5% 
intervals 
(amp5,amp10…amp95) 
Percentiles at 5% 
intervals 
(wd5,wd10…wd90,wd95) 
DTM metrics Canopy depth (m) 
(can_depth) 
- - 
Ground slope 
(Dem_slope) 
Canopy cover  
(can_cov) 
- - 
Ground roughness 
(Dem_rough) 
Largest gap between 
canopy layers (m)  
(max_vert_gap) 
- - 
*An additional suffix is added to each code (apart from the ITC codes) to show leaf-off (.._loff) or leaf-on 
(.._lon) and whether the data have been separated into ground returns (.._g) and vegetation returns (.._v) or 
kept combined (.._all).  
 
 
5. Initial results 
 
Compared with field data, dominant height and canopy cover were derived from the airborne 
LiDAR data with an RMSE of 1.31m and 10% (FW) and 1.32m and 13% (DR) respectively. For 
the modelling, only the results from the least-squares stepwise linear regression for ten field 
measures are reported here (Table 4). It should be noted that all the models shown in Table 4 and 
all the individual LiDAR metrics forming an input to the models were significant at p < 0.05. 
Eleven of the models shown in Table 4 had an R2 value >0.80, and were produced from a mixture 
of DR and FW data. This included: the number of trees per plot (FW), canopy base height (DR, 
FW), crown area (FW), mean DBH (FW), standing deadwood volume (DR, FW), the number of 
saplings per plot (DR, FW), the number of seedlings per plot (DR), and the percentage of the plot 
with no ground cover (FW). This only left the two forest variables of average tree spacing and 
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downed deadwood volume for which neither DR nor FW data were able to generate models with 
an R2 >0.80. Note that a statistically significant model could not be produced for downed 
deadwood using the DR LiDAR data. 
 
Of the ten field variables examined, five were modelled with a higher R2 value using FW LiDAR 
data (the number of trees per plot, crown area, mean DBH per plot, downed deadwood volume, 
and the percentage of the plot with no ground cover), three were modelled with a higher R2 value 
using DR LiDAR data (average tree spacing, standing deadwood volume, and the number of 
seedlings per plot), and two were modelled with very similar R2 values (i.e. within 0.05) using 
both DR and FW LiDAR data (canopy base height, and the number of saplings).  
 
Table 4 – A sample of the regression results from regression analysis 
 DR FW 
Field Measure  R2 Variables in model *3 R2 Variables in model *3 
No. Trees 0.695 “ITC_dist” + 
“kur_ht_lon_all” 
0.803 “ITC_tree_no” + 
“kur_ht_loff_all” + 
“kur_ht_lon_v” 
Tree Spacing (m) 0.640 “ITC_dist” +  
“can_depth_lon_all” 
0.539 “ITC_dist” 
Canopy Base 
Height (m) 
0.896 “var_ht_lon_all” +  
“ITC_dist” +  
“ITC_mean_vol” 
0.928 “max_ver_gap_loff_all” + 
“ITC_dist” +  
“ITC_tot_vol” 
Crown Area (m2) 0.748 “ske_ht_lon_all” + 
“ITC_dist” + 
“Ske_ht_loff_all” 
0.877 “ITC_mean_area” +   
“kur_ht_lon_v” +  
“ITC_STD” 
Mean DBH (m) 0.663 “ITC_dist” + 
“ITC_mean_vol” 
0.911 “ITC_mean_area” + 
“skw_ht_lon_v” + 
“AD_amp_loff_all” + 
“kur_wid_lon_v” 
SDW*1 Volume 
(m3) 
0.920 “ITC_STD” + 
“kur_amp_loff_v”+ 
“kur_amp_lon_g” 
0.831 “skw_amp_loff_v” +  
“std_amp_loff_all”+ 
“kur_amp_loff_g” 
DDW*2 Volume 
(m3) 
- - 0.550 “kur_ht_loff_v” + 
“amp95_loff_all” 
No. Saplings 0.965 “amp60_lon_all”+ 
“ITC_ht” + 
“amp45_lon_all” + 
“var_amp_loff_v” 
0.939 “AD_ht_lon_v” + 
“kur_ht_lon_all” 
No. Seedlings 0.821 “DEM_slope_loff_all”+ 
“kur_amp_loff_g” + 
“var_amp_loff_v” +  
“amp15_lon_all” 
0.460 “AD_ht_lon_v” + 
“kur_amp_loff_all” 
Percentage bare 
earth 
0.761 “amp20_lon_all” 0.850 “p05_lon_all” + 
“can_depth_loff_all” + 
“ITC_STD” 
*1SDW = Standing Dead Wood; *2DDW = Downed dead wood; *3See Table 3 for explanation of codes. 
 
6. Discussion and conclusions 
 
In agreement with numerous published studies (see Wulder et al 2012), this work has shown that 
the estimation of forest structural properties from airborne LiDAR data is feasible and may be 
used to derive estimations of forest vegetation structure over large areas after training with 
measurements from field plot information. When estimating plot-level metrics from LiDAR data 
it has been shown that significant correlations (p < 0.05) are possible using either DR or FW data. 
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However, even with the obvious shortcoming of a reduced pulse density, models produced from 
FW data overall produced results which accounted for more variance in the field data than models 
produced with DR data. Although the differences in explanatory power between the models 
produced for DR and FW were often small, they suggest that the acquisition of FW data may 
improve the accuracy of estimations of some forest variables (agreeing with the findings of 
Lindberg et al 2011) and enable the estimation of certain metrics which cannot be predicted with 
DR data alone. 
 
A preliminary examination into the point clouds obtained over forested areas from the DR and 
FW datasets showed that the FW-derived point cloud had a greater overall number of returns per 
unit area, with a higher proportion in the mid-canopy and understorey. This agreed entirely with 
the findings of Chauve et al (2009) in black pine (Pinus nigra) forest, who generated 40-60% 
additional points from waveform decomposition, mainly located in the lower part of the canopy 
and in low sub-canopy vegetation. As with the current study, Chauve et al (2009) reported a 
negligible difference between FW and DR point cloud data for estimating canopy height, but an 
overall improvement in characterising the detailed vertical structure of forest stands in FW data. 
 
Although validation with independent field data is still required, and taking into account the 
limited size of the training data (i.e. 21 field plots), these results suggest that full waveform 
LiDAR data describe the structural components of woodland to an equal (or better) level of 
accuracy than discrete return data, in spite of a lower spatial sampling rate due to the waveform 
digitisation process. As would be expected, the increased vertical profile information in full 
waveform LiDAR data enables a more accurate retrieval of within and sub-canopy structural 
components. Further study will examine the estimation of additional facets of vegetation structure, 
including the number of canopy layers and shrub layer characteristics, key information for 
assessing woodland condition and habitat quality. 
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Validation of stand-wise forest data based on ALS 

2OD/LQGJUHQ

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
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
Abstract 

7KH SDSHU GHVFULEHV DPHWKRG RI XVLQJ LQGHSHQGHQW ILHOG GDWD IRU TXDOLW\ FRQWURO ZLWKLQ WKH
IUDPHZRUNRIFRPPHUFLDO$/6SURMHFWV$VWDQGOHYHOYDOLGDWLRQRIODUJHKDLQRXUFDVH
VWDQGVLVQRWZLWKRXWGLIILFXOWLHV,WZLOOQRWEHHFRQRPLFDOO\MXVWLILHGWRHQXPHUDWHODUJHVWDQGV
IRUWKHSXUSRVHRITXDOLW\FRQWURO$WUDGLWLRQDOVDPSOHSORWOD\RXWZLOOLQWURGXFHDUDQGRPHUURU
FRPSRQHQWRIFRQVLGHUDEOH VL]HFRPSDUHG WR WKHUDQGRPFRPSRQHQWDVVRFLDWHGZLWK WKH$/6
GDWD LWVHOI7KHYDOLGDWLRQVKRXOGHVWLPDWH WKHUDQGRPHUURUV LQ$/6GDWDDVZHOODVWKHELDV
7KXVRQHKDVWRILQGZD\VWRDYRLGRUDWOHDVWHVWLPDWHDQGFRPSHQVDWHIRUWKHUDQGRPHUURU
FRPSRQHQW IURP WKH YDOLGDWLRQ VXUYH\ LWVHOI $ YDOLGDWLRQ PRGHO EDVHG RQ WKH HVWLPDWLRQ RI
YDULDQFHFRPSRQHQWVLVGHVFULEHG7KHPRGHOZDVDSSOLHGWRWKUHHFRPPHUFLDO$/6SURMHFWVLQ
6ZHGHQ7KHUHVXOWVVKRZWKDWWKHVWDQGDUGHUURURIVWDQGZLVHYROXPHHVWLPDWHVRIDQ$/6GDWD
VHWZRXOGEHRYHUHVWLPDWHGE\LIWKHYDOLGDWLRQGDWDZHUHWUHDWHGDVWUXHYDOXHV7KHSDSHU
HQGVZLWKDGLVFXVVLRQRISRVVLEOHDOWHUQDWLYHVWRRXUSUHVHQWDSSURDFK


1. Introduction  

,QDPDQDJHPHQW LQIRUPDWLRQV\VWHPIRUIRUHVWU\GDWDVXFKDVYROXPHKDEDVDODUHDKDRU
PHDQ KHLJKW DUH XVXDOO\ DJJUHJDWHG DW VWDQG RU FRPSDUWPHQW OHYHO )URP D PDQDJHPHQW
SHUVSHFWLYH LW LV LPSRUWDQW WR NQRZ WKH TXDOLW\ RI VXFK GDWD VLQFH GHFLVLRQV DERXW IRUHVWU\
RSHUDWLRQVDUHPDGHDWWKLVOHYHO$FFXUDWHGDWDZLOOOHDGWREHWWHUGHFLVLRQVZKLFKPD\MXVWLI\
WKHFRVWVRIGDWDDFTXLVLWLRQZLWKLQDQ$/6$LUERUQH/DVHU6FDQQLQJSURMHFW,QFRPPHUFLDO
SURMHFWV D VWDWHPHQW RI H[SHFWHG DFFXUDF\ RQ VWDQG OHYHO LV XVXDOO\ SDUW RI WKH EXVLQHVV
DJUHHPHQW$FFRUGLQJO\WKHUHLVDQHHGIRUPHWKRGVRIDVVHVVLQJWKHGDWDTXDOLW\YDOLGDWLRQDW
VWDQGOHYHO

7KHQHHGIRUVWDQGOHYHOYDOLGDWLRQLVUHFRJQL]HGE\PRVWUHVHDUFKHUVLQWKHILHOGEXWWKHUHLVD
FRQVLGHUDEOHYDULDWLRQEHWZHHQPHWKRGV7KHPRVWEUXWDOPHWKRGLVWRFXWGRZQWKHYDOLGDWLRQ
VWDQGVDQGFRPSDUHWKHDPRXQWRIH[WUDFWHGZRRGZLWK$/6HVWLPDWHV%DUWKHWDO$IXOO
HQXPHUDWLRQRIVWDQGLQJWUHHVZLWKLQUHDOVWDQGVLVXVXDOO\FRQVLGHUHGWRRH[SHQVLYHXQOHVVWKH
VWDQGV DUH YHU\ VPDOO $ FRQFHSW RI ³PLFURVWDQGV´ ZLWKLQ DFWXDO ODUJHU VWDQGV ZDV XVHG E\
1DHVVHW  DQG +ROPJUHQ  XVLQJ PLFURVWDQGV RI    KD 7KLV DSSURDFK LV
VXIILFLHQWLIWKH³WDUJHWREMHFWV´LHWKHUHDOVWDQGVEHLQJPDQDJHGDUHRQO\VRPHZKDWODUJHU

7KHDYHUDJHVWDQGVL]HVZLWKLQFRPSDQ\RZQHGIRUHVWVLQQRUWKHUQ6ZHGHQDUHW\SLFDOO\LQWKH
UDQJH±KD7RYDOLGDWH$/6GDWDIRUVXFKVWDQGVDVDPSOLQJDSSURDFKZLWKLQVWDQGV LV
QHHGHG$VWDQGDUGPHWKRGLVWROD\RXWDVTXDUHJULGRIFLUFXODUSORWVRYHUHDFKYDOLGDWLRQVWDQG
1DHVVHW  +ROPJUHQ DQG -RQVVRQ  6XFK DQ DSSURDFK LV VWUDLJKWIRUZDUG IRU
HVWLPDWLQJDSRVVLEOHELDVLQWKH$/6GDWD%LDVFRQWUROLVHVVHQWLDOLIWKHVWDQGGDWDVKRXOGEH
XVHGIRUSXUSRVHVVXFKDVORQJWHUPWLPEHUVXSSO\PRGHOOLQJ

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+RZHYHUDWUDGLWLRQDOVDPSOHSORWOD\RXWZLWKLQYDOLGDWLRQVWDQGVZLOOLQWURGXFHDUDQGRPHUURU
FRPSRQHQWRIWKHVDPHRUHYHQJUHDWHUPDJQLWXGHWKDQWKHUDQGRPFRPSRQHQWDVVRFLDWHGZLWK
WKH$/6GDWDLWVHOI,WLVLPSRUWDQWWRDVVHVVWKHPDJQLWXGHRIWKHUDQGRPHUURUVDWVWDQGOHYHO
VLQFHLWGHWHUPLQHVWKHXVHIXOQHVVRIWKHGDWDIRUVWDQGOHYHOGHFLVLRQV,IZHWUHDWWKHYDOLGDWLRQ
GDWDDVLIWKH\DUH³WUXH´ZHZLOORYHUHVWLPDWHWKHH[SHFWHGUDQGRPHUURUVGXHWR$/6DWVWDQG
OHYHO

7KHQH[WVHFWLRQVRIWKLVSDSHUZLOOGHVFULEHKRZZHKDYHFDUULHGRXWWKHYDOLGDWLRQSDUWLQWKUHH
FRPPHUFLDO$/6SURMHFWVDQGKRZZHKDYHGHDOWZLWKWKHLVVXHRILVRODWLQJWKHUDQGRPHUURUV
GXH WR $/6 GDWD RQO\  )LQDOO\ DOWHUQDWLYH PHWKRGV DQG SRVVLEOH LPSURYHPHQWV ZLOO EH
GLVFXVVHG


2. Method  
 
2.1 Project areas  

7KH YDOLGDWLRQV KDYH EHHQ FDUULHG RXW LQ WKUHH ORFDWLRQV LQ6ZHGHQ WKH FKDUDFWHULVWLFV RI WKH
DUHDVDUHVXPPDUL]HGLQ7DEOH 

7DEOH'HVFULSWLRQRIWKHSURMHFWDUHDVRIWKHYDOLGDWLRQSURMHFWV
 
3URMHFW
\HDU 6L]HKD /DWLWXGH $OWLWXGH
$JHFODVVHV
LQSURMHFW
0HDQYROXPH
PKD 0DLQVSHFLHV
6WRUnGDOHQ
     
3LQHVSUXFH
ELUFK
+DVVHOD
     
3LQHVSUXFH
FRQWRUWDELUFK
19
'DODUQD

     3LQHVSUXFHELUFK


2.2 Laser data and training data 

$OOSURMHFWVDUHDSSOLFDWLRQVRIWKHWZRVWDJHDUHDEDVHGPHWKRGDVSURSRVHGE\1DHVVHW  
7KHODVHUSRLQWGHQVLWLHVZHUHLQWKHUDQJHSRLQWVP,QWKHILUVWVWDJHIRUHVWSDUDPHWHUV
ZHUHHVWLPDWHGIRUJULGFHOOVUDQJLQJIURP[P+DVVHODWR[P6WRUnGDOHQ,QWKH
VHFRQGVWDJHFHOOHVWLPDWHVZHUHFRPELQHGWRFDOFXODWHHVWLPDWHVRQVWDQGOHYHO7KHHVWLPDWHG
SDUDPHWHUVZHUHYROXPHKDEDVDODUHDOKDVWHPVKDPHDQGLDPHWHUDQGPHDQKHLJKW,QWKH
PRVWUHFHQWSURMHFW19'DODUQDVSHFWUDOLQIRUPDWLRQIURPDHULDOSKRWRVZDVDOVRXVHGLQWKH
HVWLPDWLRQSURFHVVWRSURYLGHVSHFLHVZLVHGDWD3DFNDOpQDQG0DOWDPR

7KH WUDLQLQJ GDWD XVHG IRU PDNLQJ WKH ODVHUEDVHG SUHGLFWLRQV FRQVLVWHG RI VOLJKWO\ FOXVWHUHG
FLUFXODUSORWVZLWKVL]HVFRUUHVSRQGLQJWRWKHJULGFHOOVXVHGIRUWKHILUVWVWDJHRIHVWLPDWLRQ7KH
QXPEHU RI SORWV ZHUH  6WRUnGDOHQ  +DVVHOD DQG  19 'DODUQD 5RXJK
VWUDWLILFDWLRQV EDVHG RQ GRPLQDQW VSHFLHV DQGRU DJH FODVV ZHUH XVHG 7KH ILHOG SORWV ZHUH
PHDVXUHGDQGSURFHVVHGXVLQJURXWLQHVIURPWKH)RUHVW0DQDJDPHQW3ODQQLQJ3DFNDJH)033
-RQVVRQHWDO    

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2.3 Validation data 

7KHYDOLGDWLRQ VWDQGVZHUH VHOHFWHGE\ VWUDWLILHG UDQGRPVDPSOLQJZLWK336VHOHFWLRQZLWKLQ
VWUDWD ,Q WKH 6WRUnGDOHQ SURMHFW QHZ VWDQG ERXQGDULHV KDG EHHQ HVWDEOLVKHG E\ SKRWR
LQWHUSUHWDWLRQ ,Q WKH +DVVHOD SURMHFW ROG ERXQGDULHV ZHUH NHSW LQWDFW ZKLOH QHZ ERXQGDULHV
EDVHGRQODVHUGDWDZHUHFUHDWHGE\DVHPLDXWRPDWLFSURFHGXUHLQWKH19'DODUQDSURMHFW,Q
HDFKVHOHFWHGVWDQGFLUFXODUSORWVZHUHODLGRXWXVLQJDVTXDUHODWWLFH  7DEOHVXPPDUL]HVWKH
GHVLJQFKDUDFWHULVWLFV

7DEOH'HVFULSWLRQRIWKHVDPSOLQJGHVLJQRIWKHYDOLGDWLRQVXUYH\V
 
3URMHFW\HDU $YHUDJHVWDQGVL]HKD
1RRI
VWDQGV
1RRISORWV
SHUVWDQG 3ORWUDGXLVP
6WRUnGDOHQ    
+DVVHOD    
19'DODUQD    

7KH VDPSOLQJ HIIRUW SHU VWDQG QR RI SORWV UDGLXV LV TXLWH DPELWLRXV FRPSDUHG WR VWDQGDUG
PDQDJHPHQWLQYHQWRULHV$VIRUWKHWUDLQLQJGDWDVDPSOHSORWVZHUHPHDVXUHGDQGSURFHVVHGE\
WKH)033URXWLQHV


2.4 Validation model 

7KHYDOLGDWLRQPRGHO VKRXOGEHDEOH WR VHSDUDWH WKH UDQGRPHUURU FRPSRQHQW IURP$/6GDWD
IURPWKHUDQGRPHUURUVLQWURGXFHGE\WKHVDPSOLQJZLWKLQWKHYDOLGDWLRQVWDQGV$PRGHOIURP
6WnKOZDVXVHGDVDEDVLV7KLVDSSURDFKZDVDOVRXVHGE\+ROPJUHQDQG-RQVVRQ

/HW
 /L DȘLİL       
  
 ZKHUH /L $/6HVWLPDWHIRUVWDQGL
  D DFRQVWDQW
  ȘL WKHWUXHYDOXH
  İL DUDQGRPHUURUZLWKH[SHFWDWLRQ]HUR
DQG
 9L ȘLįL       
  
 ZKHUH 9L 9DOLGDWLRQHVWLPDWHIRUVWDQGL
  įL DUDQGRPHUURUZLWKH[SHFWDWLRQ]HUR

)RFXVLQJWKHGLIIHUHQFHVZHKDYH

 'L /L±9L DİLįL     

6LQFH WKHUDQGRPHUURU WHUPVERWKKDYHH[SHFWDWLRQ]HUR WKHXQNQRZQPHDQGLIIHUHQFHDLV
HVWLPDWHGE\'WKHDULWKPHWLFPHDQRIWKHGLIIHUHQFHV'L7KHYDULDQFHRI'LV

 9DU' 9DUDİLįL 9DUİ9DUį   

VLQFHİDQGįDUHFRQVLGHUHGLQGHSHQGHQW7KHYDULDQFHRIWKHUDQGRPHUURUGXHWR$/6LV

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 9DUİ 9DU'9DUį     

9DU'LVHVWLPDWHGIURPWKHREVHUYHGVHULHVRIGLIIHUHQFHVZKLOHWKHYDULDQFHFRPSRQHQWIURP
WKHYDOLGDWLRQVXUYH\9DUįLVHVWLPDWHGE\

 9DUį QȈ6(L      

 ZKHUH 6(L WKHVWDQGDUGHUURUIRUWKHYDOLGDWLRQHVWLPDWHIRUVWDQGL 

6LQFH WKH YDOLGDWLRQ VXUYH\V ZHUH PDGH E\ V\VWHPDWLF VDPSOLQJ DQG QRW E\ 656 VLPSOH
5DQGRP6DPSOLQJWKHVWDQGDUGHUURUV6(LFDQQRWHDVLO\EHHVWLPDWHGIURPWKHGDWDLWVHOI7KH
DSSURDFKFKRVHQZDVWRUHGXFHVWDQGDUGHUURUVFDOFXODWHGE\WKH656ZUIRUPXODE\DSSO\LQJD
FRUUHFWLRQIDFWRURI7KLVLV DTXLWHURXJKILJXUHEDVHGRQVDPSOLQJVLPXODWLRQ LQPDSSHG
VWDQGV/LQGJUHQ


3. Results  

5HVXOWVZLOORQO\EHVKRZQIRUWKHNH\YDULDEOHRILQWHUHVWYROXPHKD  )LJXUHVVKRZWKH
JUDSKLFVRIWKHUHODWLRQVEHWZHHQVWDQGZLVHYROXPHHVWLPDWHVIURP$/6DQGWKHFRUUHVSRQGLQJ
HVWLPDWHVIURPWKHYDOLGDWLRQVXUYH\V

)LJXUH&RPSDUDWLYHSORWIRUWKH6WRUnGDOHQSURMHFW0DUNHUVUHSUHVHQWVWDQGV
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
Figure 2: Comparative plot for the Hassela project. Markers represent stands. 

)LJXUH&RPSDUDWLYHSORWIRUWKH19'DODUQDSURMHFW0DUNHUVUHSUHVHQWVWDQGV


7KH OLQHDUFRUUHODWLRQVDUHTXLWHKLJKU 1RWHWKDWUDQGRPHUURUVIURPWKH
YDOLGDWLRQ VXUYH\V DUH FRPSRQHQWV RI WKH YDULDWLRQ DV ZHOO DV UDQGRP HUURUV GXH WR $/6
HVWLPDWHV ,I WKH YDOLGDWLRQ VWDQGV KDG EHHQ IXOO\ HQXPHUDWHG VWLOO KLJKHU FRUUHODWLRQVZRXOG
KDYHDSSHDUHG
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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
7DEOHVKRZVWKHELDVHVWLPDWLRQRIWKHYROXPHYDOLGDWLRQ

7DEOH(YDOXDWLRQRIELDVIRUYROXPHKD
 
3URMHFW
\HDU
0HDQ
YROXPH 
0HDQ
GLIIHQFH
/9
0HDQ
GLIIHUHQFH
6W'HYRI
GLIIHUHQFHV
3UREYDOXHIRU+WR
EHWUXH
6WRUnGDOHQ
     
+DVVHOD
     
19
'DODUQD

    

7KH WZR ODWWHU SURMHFWV VKRZ WHQGHQFLHV WRZDUGV XQGHUHVWLPDWLRQ LQ WKH $/6 GDWD DOWKRXJK
SUREYDOXHV IRU+WKHQXOOK\SRWKHVLVDUHQRW ORZHQRXJKWREHFHUWDLQRID UHDOELDV LQ WKH
ZKROHVDPSOHGSRSXODWLRQ7DEOHVKRZVWKHWRWDOUDQGRPHUURUVDQGWKHGLYLVLRQRIUDQGRP
HUURUVLQWRFRPSRQHQWV


7DEOH5DQGRPHUURUFRPSRQHQWVIRUYROXPHKDDQGWKHLUHIIHFWRQWKHHVWLPDWHGVWDQGDUGHUURUVRI
$/6GDWD5HFDOOWKHYDOLGDWLRQPRGHOLQVHFWLRQIRUH[SODQDWLRQRIWKHYDULDQFHFRPSRQHQWV 
 
3URMHFW\HDU 9DU' 9DUįYDOLGVXUYH\
9DUİ$/6
GDWD
6(
XQDGMXVWHG 6(DGMXVWHG
$GMXVWPHQW
IDFWRU
6WRUnGDOHQ      
+DVVHOD      
19'DODUQD      

,Q VSLWH RI WKH TXLWH DPELWLRXV YDOLGDWLRQ  ODUJH SORWV SHU VWDQG WKH YDULDQFH FRPSRQHQW
IURPWKHYDOLGDWLRQVXUYH\ZDVODUJHUWKDQWKHFRPSRQHQWIURP$/6GDWDLQDOOWKUHHSURMHFWV,Q
WHUPVRIVWDQGDUGHUURUV 6( WKHUHODWLYH HIIHFWVRI UDQGRPHUURUV IURPWKHYDOLGDWLRQVXUYH\
GHFUHDVHV  ,IVWDQGDUGHUURUVZHUHFDOFXODWHGDVLIWKHYDOLGDWLRQGDWDZHUH³WUXH´WKH\ZRXOG
RYHUHVWLPDWHWKHDGMXVWHGVWDQGDUGHUURUVZLWKDERXW 

,QWHUHVWLQJO\WKHVWDWLVWLFVIRUYROXPHKDDUHYHU\VLPLODUIRUDOOWKUHHSURMHFWV  5HFDOOIURP
WDEOHWKDWWKHDYHUDJHVWRFNLQJYDULHGFRQVLGHUDEO\  ,IDGMXVWHGVWDQGDUGHUURUVRI$/6GDWD
DUHUHSRUWHGLQLQVWHDGZHJHWIRU6WRUnGDOHQIRU+DVVHODDQGIRU19
'DODUQD


4. Discussion  

2XUSUHVHQWDSSURDFKWRYDOLGDWLRQRI$/6GDWDIRUODUJHVWDQGVKDVEHHQSUHVHQWHGDERYH$Q
LPSRUWDQW IHDWXUH RI WKH PHWKRG LV WKDW LW UHFRJQL]HV DQG FRUUHFWV IRU UDQGRP HUURUV LQ WKH
YDOLGDWLRQGDWD LWVHOI$ZHDN OLQN LV WKH HVWLPDWLRQRI WKH VWDQGDUG HUURUV IRU HDFKYDOLGDWLRQ
VWDQG DSSO\LQJ D URXJK FRUUHFWLRQ IDFWRU IRU WKH HIIHFW RI V\VWHPDWLF VDPSOLQJ $ IHZ
DOWHUQDWLYHVDQGDSSURDFKHVWRIXUWKHUGHYHORSPHQWZLOOQRZEHGLVFXVVHG

6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 7 
4.1 Using harvester data 

'DWD IURP D PRGHUQ ZHOO FDOLEUDWHG KDUYHVWHU ZLOO JHQHUDWH DQ DFFXUDWH UHFRUG RI WKH WUHH
UHPRYDODIWHUFOHDUIHOOLQJRIDVWDQG1RWRQO\ZLOOWKHWRWDOYROXPHEHJLYHQEXWDOVRWKHVL]H
GLVWULEXWLRQV RI WKH IHOOHG WUHHV 7KH PRVW REYLRXV GUDZEDFN RI WKLV PHWKRG LV LWV UHVWULFWHG
DSSOLFDWLRQ WR ROG VWDQGV DQG WKDW WKH VHOHFWLRQ RI VWDQGV LV EH\RQG FRQWURO RI WKH IRUHVW
LQYHQWRU\VSHFLDOLVW

7KH PHWKRG LV QRW IUHH IURP ILHOG ZRUN 7KH ORJJLQJ VLWH KDV WR EH VXUYH\HG DQG WKH DUHD
FDOFXODWHG7KHYROXPH UHWDLQHG IRUQDWXUHFRQVHUYDWLRQPXVWEHTXDQWLILHG)XUWKHUPRUHRQH
KDVWRYHULI\WKDWWKHDFWXDOVWXPSKHLJKWVDQGWRSGLDPHWHUVDUHLQDFFRUGDQFHZLWKWKHYROXPH
HVWLPDWLRQPRGHOVXVHGZKHQHVWLPDWLQJWKH$/6GDWD,QVSLWHRIWKHUHVWULFWHGVFRSHLWLVQRWD
EDGLGHDWRXVHKDUYHVWHUGDWDLQDIROORZXSV\VWHPWRJHWH[SHULHQFHVRIWKHUHODWLRQEHWZHHQ
H[WUDFWHGZRRGDQGWKHSUHKDUYHVWGDWD+RZHYHUGHYLDWLRQVZLOOQRWHQWLUHO\EHGXHWRHUURUV
LQSUHKDUYHVWGDWDEXWEHLQIOXHQFHGE\PDQ\RWKHUIDFWRUV


4.2 Using SRS of validation plots 

6\VWHPDWLFVDPSOLQJRISORW ORFDWLRQVZLWKLQVWDQGV LVXVXDOO\DSSOLHGZKHQPDNLQJREMHFWLYH
VWDQG LQYHQWRULHV VXFK DV YDOLGDWLRQ VXUYH\V 7KHUH DUH QR JHQHUDOO\ DSSOLFDEOH IRUPXODV WR
HVWLPDWH WKH VWDQGDUGHUURUVSHUVWDQG LQ WKLVFDVH9DULRXVUHVDPSOLQJPHWKRGVZLOOQRWJLYH
UHOLDEOHVWDQGDUGHUURUHVWLPDWHVIRUVPDOOVDPSOHV,QVWHDGZHXVHH[SHULHQFHVIURPVLPXODWLRQ
VWXGLHVWRWU\WRFRUUHFWIRUWKHLQFUHDVHGHIILFLHQF\RIV\VWHPDWLFVDPSOLQJDVFRPSDUHGWR656
6LPSOH5DQGRP6DPSOLQJ$/6GDWDLQWKHIRUPRIHVWLPDWHVE\JULGFHOOVLVDQH[FHOOHQWGDWD
VRXUFHIRUPDNLQJVXFKVLPXODWLRQV

7R JHW DQ XQELDVHG HVWLPDWH RI WKH YDULDQFH FRPSRQHQW IURP WKH YDOLGDWLRQ VXUYH\ RQHPD\
FRQVLGHUXVLQJ656LQVWHDGRIV\VWHPDWLFVDPSOLQJ7KLVLVHDV\WRFDUU\RXWXVLQJWKHSUHVHQW
*,6*36 FDSDELOLWLHV +RZHYHU DVVXPLQJ D FRQVWDQW VDPSOH VL]H WKH JDLQ LQ YDULDQFH
HVWLPDWLRQ ZLOO EH IROORZHG E\ D OHVV DFFXUDWH ELDV HVWLPDWLRQ GHWHFWLRQ VLQFH V\VWHPDWLF
VDPSOLQJJHQHUDOO\JLYHVPRUHSUHFLVHHVWLPDWHVWKDQ656  


4.3 Using ALS data for validation plots only 

:LWKRXUSUHVHQWDSSURDFKZHFRPSDUH$/6GDWDIRUWKHZKROHVWDQGZLWKYDOLGDWLRQGDWDIURP
VDPSOHSORWV ,Q FDVHRI ODUJH VWDQGV WKH DUHDRI VDPSOHSORWVZLOO EH D VPDOO IUDFWLRQRI WKH
ZKROHVWDQG([DPSOHSORWVZLWKPUDGLXVFRYHUDSSUR[LPDWHO\KDZKLOHWKHDYHUDJH
VL]HRIWKHVWDQGVLQRXUYDOLGDWLRQVLVKD7KLVLVWKHVRXUFHRIWKHUDQGRPHUURUFRPSRQHQW
IURPYDOLGDWLRQWKDWZHWU\WRHOLPLQDWH

,QVWHDG RQH PD\ FRQVLGHU FDOFXODWLQJ $/6 GDWD IRU WKH FKRVHQ YDOLGDWLRQ SORWV RQO\ 7KH
YDOLGDWLRQZLOOWKHQEHPDGHE\FRPSDULQJH[DFWO\WKHVDPHDUHDHVWLPDWHGE\$/6DVZHOODV
E\ RQWKHJURXQG YDOLGDWLRQ 7KLV PD\ EH FRQVLGHUHG DV D YDULDQW RI WKH IXOO\ HQXPHUDWHG
³PLFURVWDQG´ FRQFHSW VH VHFWLRQ  7KH GLIIHUHQFH LV WKDW WKH HQXPHUDWHG  KD DUHD LV
GLVWULEXWHG RYHU WKH ZKROH VWDQG LQVWHDG RI EHLQJ FRQFHQWUDWHG WR RQH ODUJH SORW 6\VWHPDWLF
VDPSOLQJZRXOGEHSUHIHUUHGVLQFHWKHUHZLOOEHQRQHHGWRHVWLPDWHYDULDQFHFRPSRQHQWVLQWKLV
FDVH 7KHUH DUH VRPH GUDZEDFNV RI WKLV PHWKRG PDLQO\ FRQFHUQLQJ DGGLWLRQDO FRVWV DQG
LQFUHDVHGWLPHVSDQQHHGHGWRFDUU\RXWWKHYDOLGDWLRQ

6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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7KH YDOLGDWLRQ SORWV PXVW EH DFFXUDWHO\ SRVLWLRQHG ZKLFK LV QRW WKH FDVH ZLWK RXU SUHVHQW
PHWKRG $FFXUDWH SRVLWLRQLQJ ZLOO UHTXLUH SRVWSURFHVVLQJ LQ UHPRWH SDUWV RI 6ZHGHQ VLQFH
UHDOWLPHHQKDQFHPHQWVHUYLFHVRIWHQDUHRXWRIVLJQDOUHDFK)XUWKHUPRUHDQDGGLWLRQDOVWHSRI
$/6 FDOFXODWLRQV IRU WKH SRVLWLRQHG YDOLGDWLRQ SORWV LV QHHGHG ,I YHU\ DFFXUDWH UHDOWLPH
SRVLWLRQLQJLVDYDLODEOHWKLVVWHSPLJKWQRWEHQHFHVVDU\2QHFRXOGLQVWHDGWU\WRORFDWHDOUHDG\
SURFHVVHGJULGFHOOV±RUDJJUHJDWHVRIJULGFHOOVLQILHOGDQGXVHWKHPDVYDOLGDWLRQSORWV

 
Acknowledgements  
 
0DQ\WKDQNVWRWKHFXVWRPHUVZKRKDYHILQDQFHGWKHSURMHFWV%HUJYLN6NRJ$%+ROPHQ6NRJ
$%6YHDVNRJ$%DQGWKH0XQLFLSDOLW\)RUHVWVRI2UVD/LPD7UDQVWUDQGDQG19HQMDQ2XU
SDUWQHUV3UHYLVWD$61RUZD\&RZL$61RUZD\DQG$UERQDXW2<)LQODQGKDYHSURFHVVHG
WKH$/6GDWD)LQDOO\PDQ\WKDQNVWRRXUILHOGVWDIIZKRKDVFDUULHGRXWWKHWRXJKSDUWRIWKH
ZRUNDQGHQFRXQWHUHGDORWRIPRVTXLWRVDQGDIHZEHDUV


References 

%DUWK$+DQQUXS%0|OOHU-DQG:LOKHOPVVRQ/9DOLGHULQJDY)25$1
6LQJOH7UHH0HWKRG Arbetsrapport nr 666, Skogforsk, Uppsala, Sweden(In Swedish) 

+ROPJUHQ -3UHGLFWLRQRI7UHH+HLJKW%DVDO$UHDDQG6WHP9ROXPH LQ)RUHVW6WDQGV
8VLQJ$LUERUQH/DVHU6FDQQLQJScand. J. For. Res 19: 543-553, 2004. 
 
+ROPJUHQ-DQG-RQVVRQ7/DUJH6FDOH$LUERUQH/DVHU6FDQQLQJRI)RUHVW5HVRXUFHVLQ
6ZHGHQ,Q/DVHU6FDQQHUVIRU)RUHVWDQG/DQGVFDSH$VVHVVPHQW2FWREHU
)UHLEXUJ*HUPDQ\,6356$UFKLYHVhttp://www.isprs.org/proceedings/XXXVI/8-W2/ 
 
-RQVVRQ % -DFREVVRQ - DQG .DOOXU +  7KH )RUHVW 0DQDJHPHQW 3ODQQLQJ 3DFNDJH
7KHRU\ DQG DSSOLFDWLRQ Swedish University of Agricultural Sciences, Studia Forestalia 
Suecica 189, Uppsala, Sweden. 

/LQGJUHQ2$VWXG\RQFLUFXODUSORWVDPSOLQJRI6ZHGLVKIRUHVWFRPSDUWPHQWVSwedish 
University of Agricultural Sciences, Section of Forest Mensuration and Management, 
Report 11, Umeå, Sweden. 
 
1DHVVHW(3UHGLFWLQJIRUHVWVWDQGFKDUDFWHULVWLFVZLWKDLUERUQHVFDQQLQJODVHUXVLQJD
SUDFWLFDOWZRVWDJHSURFHGXUHDQGILHOGGDWDRemoteSensing of Environment 80 (2002) 
88-99. 

1DHVVHW (  3UDFWLFDO /DUJHVFDOH )RUHVW 6WDQG ,QYHQWRU\ 8VLQJ D 6PDOOIRRWSULQW
$LUERUQH6FDQQLQJ/DVHUScand. J. For. Res 19: 164-279, 2004.

3DFNDOpQ 3 DQG 0DOWDPR 0  3UHGLFWLQJ WKH 3ORW 9ROXPH E\ 7UHH 6SHFLHV 8VLQJ
$LUERUQH/DVHU6FDQQLQJDQG$HULDO3KRWRJUDSKVForest Science 52(6) 2006: 611-621. 
  
Ståhl, G., 1992. A study on the quality of compartmentwise forest data acquired by 
subjective inventory methods. Swedish University of Agricultural Sciences, 
Department of Biometry and Forest Management, Report 24, Umeå, Sweden. (In Swedish 
with summary in English) 
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 1 
Toward an Enhanced Forest Inventory Using Terrestrial and Airborne 
LiDAR in Newfoundland: a Virtual Journey through the L-Architect 
Model 
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Abstract 
  
/L'$5GDWDDQGDUFKLWHFWXUHPRGHOVKDYHSRWHQWLDOWRHQKDQFHIRUHVWLQYHQWRULHVZLWKILQHVFDOH
LQIRUPDWLRQ RQ IRUHVW VWUXFWXUH $W WKH LQGLYLGXDO WUHH VFDOH WHUUHVWULDO ODVHU VFDQQHUV 7/6
SURYLGHGHWDLOHGDQGDFFXUDWH'GDWD+RZHYHULQGHQVHIRUHVWFDQRSLHV7/6GDWDLVOLPLWHG
E\WKHRFFOXVLRQRIWKHODVHUEHDPIURPRSDTXHREMHFWVDQGPRYHPHQWJHQHUDWHGE\ZLQG$W
WKHVWDQGOHYHODLUERUQHODVHUVFDQQHUV$/6KDYHSURYHQHIIHFWLYHIRUPDSSLQJIRUHVWVWUXFWXUH
KRZHYHURFFOXVLRQKHUHDOVRSUHYHQWVDFRPSOHWHSURILOLQJRIPDWHULDOGLVWULEXWLRQ0RUHRYHU
FXUUHQWFRPPHUFLDO7/6DQG$/6V\VWHPVRSHUDWHZLWKRQO\RQHZDYHOHQJWKZKLFKOLPLWVWKH
FRPSOHWHGHVFULSWLRQRI WKHFDQRS\ ,QHDFKFDVHPHWKRGVWRHVWLPDWHVWUXFWXUDODWWULEXWHVDUH
JHQHUDOO\EDVHGRQHPSLULFDOUHODWLRQVKLSVEHWZHHQFDQRS\DWWULEXWHVDQGPHWULFVGHULYHGIURP
WKH7/6DQG$/6GDWD,QWKLVVWXG\ZHXVHDQDUFKLWHFWXUDOPRGHOWRRYHUFRPHWKHOLPLWDWLRQV
RIFXUUHQW7/6DQG$/6V\VWHPVLQRUGHUWRLPSURYHWKHILQHVFDOHGHVFULSWLRQRI'FDQRS\
VWUXFWXUH7KHDUFKLWHFWXUDOPRGHO/$UFKLWHFW /L'$5GDWD WRYHJHWDWLRQ$UFKLWHFWXUHDOORZV
ILQHVFDOH UHFRQVWUXFWLRQRI LQGLYLGXDO WUHH VWUXFWXUH IURP7/6GDWD ,Q WKLV VWXG\/$UFKLWHFW
ZDV DGDSWHG DQG YDOLGDWHG ZLWK VWUXFWXUDO PHDVXUHPHQWV RQ EUDQFKLQJ VWUXFWXUH DQG IROLDJH
GLVWULEXWLRQ IRU WZR FRQLIHURXV VSHFLHV IRXQG LQ1HZIRXQGODQG &DQDGD QDPHO\ EDOVDP ILU
$ELHV EDOVDPHD DQG EODFN VSUXFH 3LFHD PDULDQD 7KH PRGHO UHSURGXFHG UHDOLVWLF WUHH
VWUXFWXUHV XVLQJ 7/6 GDWD DQG DOORPHWULF UHODWLRQVKLSV WR GHILQH WKH WRWDO DPRXQW RI IROLDJH
IROORZLQJ WZRPDLQ VWHSV EUDQFK JURZWK DQG WKH DGGLWLRQ RI IROLDJH ZLWKLQ WKH WUHH FURZQ
/$UFKLWHFW¶V UHVXOWV FRPSDUHG IDYRXUDEO\ ZLWK LQ VLWX SK\VLFDO PHDVXUHPHQWV RI EUDQFKLQJ
VWUXFWXUH IURP WKH PDLQ VWHP DQG YHUWLFDO GLVWULEXWLRQ RI IROLDJH IRU  VDPSOHG WUHHV0HDQ
FRUUHODWLRQVRIDQGZHUHREWDLQHGIRUEUDQFKGLDPHWHUEUDQFKOHQJWKDQJOH
RIEUDQFKLQVHUWLRQDQGYHUWLFDOGLVWULEXWLRQVRIIROLDJHUHVSHFWLYHO\$OLEUDU\RILQGLYLGXDO
WUHHVZDV JHQHUDWHG XVLQJ WKH7/6VFDQV DV LQSXW WR WKH DUFKLWHFWXUDOPRGHO/$UFKLWHFWZDV
DSSOLHG WR UHFRQVWUXFW  SHUPDQHQW VDPSOH SORWV LQ 1HZIRXQGODQG XVLQJ WKH OLEUDU\ RI
LQGLYLGXDOWUHHV'HWDLOHG'UHSUHVHQWDWLRQVRIIRUHVWFDQRSLHVZHUHGHULYHGDQGFRPSDUHGZLWK
7/6GDWDIRURQHSORWDQG$/6GDWDDFTXLUHGRYHUWKHSORWV$PHDQFRUUHODWLRQRIDQG
ELDV RI  P ZHUH REWDLQHG EHWZHHQ KHLJKW SHUFHQWLOHV RI $/6 ILUVW UHWXUQ DQG VLPXODWHG
IROLDUDQGZRRGPDWHULDOGLVWULEXWLRQV7KHGHWDLOHG UHFRQVWUXFWLRQRI WUHHDQGSORW VWUXFWXUH
SURYLGHVLPSRUWDQWLQIRUPDWLRQWKDWLVUHOHYDQWWRIRUHVWHFRORJLFDOSURFHVVHVDQGPD\EHOLQNHG
WRZRRGTXDOLW\DWWULEXWHV
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1. Introduction 

5HFHQWHFRQRPLFFKDOOHQJHVIDFHGE\WKHIRUHVWLQGXVWU\KDYHUHVXOWHGLQDQLQFUHDVHGHPSKDVLV
RQ WKH GHYHORSPHQW RI HQKDQFHG IRUHVW LQYHQWRU\ WRROV IRU GHWHUPLQLQJ VWUXFWXUH DQG TXDOLW\
DWWULEXWHV LQ RUGHU WR PD[LPL]H HFRQRPLF EHQHILWV IURP IRUHVWV DQG HQVXUH ORQJWHUP
VXVWDLQDELOLW\ RI IRUHVW HFRV\VWHPV 5HPRWH VHQVLQJ LV DQ HVVHQWLDO WRRO IRU PDSSLQJ DQG
PRQLWRULQJWKHVWDWHDQGHYROXWLRQRIODUJHIRUHVWHFRV\VWHPV6HYHUDOVWXGLHVSURSRVHPHWKRGV
IRUPHDVXULQJIRUHVWDWWULEXWHVEXWWKHLUDSSOLFDELOLW\LVRIWHQOLPLWHGWRVPDOODUHDVRUVSHFLILF
VFHQDULRVEHFDXVHRIWKHVWUXFWXUDOFRPSOH[LW\RIIRUHVWFDQRS\7KXVLPSURYLQJRXUPDSSLQJ
FDSDELOLW\ LV WLHG WR RXU NQRZOHGJH RI IRUHVW VWUXFWXUH WR LGHQWLI\ LWV LQIOXHQFHV RQ
UHPRWHVHQVLQJLPDJHVREVHUYDWLRQV 

7UHHDUFKLWHFWXUHGHVFULEHV WKH WRSRORJLFDODQGJHRPHWULFDOGHYHORSPHQWRYHU WLPHDW WKH WUHH
OHYHO %DUWKHOHP\ DQG &DUDJOLR  7KH DUFKLWHFWXUH FKDUDFWHUL]HV DW DQ\ JLYHQ WLPH WKH
QDWXUHW\SHVKDSHDQGUHODWLYHDUUDQJHPHQWSRVLWLRQFRQQHFWLRQRIHDFKRILWVFRPSRQHQWV
7KH UHVXOWLQJ WKUHHGLPHQVLRQDO ' VWUXFWXUH UHSUHVHQWV WKH H[SUHVVLRQ RI HTXLOLEULXP
EHWZHHQHQGRJHQRXVJURZWKSURFHVVHVDQGH[RJHQRXVFRQVWUDLQWVH[HUWHGE\WKHHQYLURQPHQW
7KHUHIRUHLQIRUPDWLRQRQILQHWUHHVWUXFWXUHFDQSRWHQWLDOO\EHWUDQVODWHGLQWRNH\SK\VLRORJLFDO
DWWULEXWHVDQGDOVR LPSURYHRXUXQGHUVWDQGLQJRI WUHH IXQFWLRQLQJDQGKDELWDWV7KHYHU\KLJK
GHJUHH RI YDULDELOLW\ DPRQJ WUHHV UHTXLUHV D ODUJH QXPEHU RI PHDVXUHPHQWV WR FKDUDFWHUL]H
DGHTXDWHO\ WKH ' VWUXFWXUH DW GLIIHUHQW VFDOHV &RQVHTXHQWO\ RQO\ D VPDOO VHW RI VHOHFWHG
YDULDEOHVDUHPHDVXUHGLQFXUUHQWIRUHVWLQYHQWRULHVHJFURZQGLPHQVLRQGLDPHWHURIWKHVWHP
DWEUHDVWKHLJKW'%+DQGWUHHKHLJKW$YHU\DQG%XFNDUW

7HUUHVWULDO ODVHU VFDQQHUV 7/6DUH WRROV DGDSWHG IRUPHDVXULQJ' WUHHDQG IRUHVW VWUXFWXUH
7KH\SURYLGHGHWDLOHGDQGDFFXUDWH'GDWD UDSLGO\DQGHIILFLHQWO\$QLQFUHDVLQJQXPEHURI
PHWKRGVDUHQRZSURSRVHGWROLQNWKH7/6SRLQWFORXGVDQGVWUXFWXUHWUHHVWHPSDUDPHWHUVHJ
0DDV HW DO  LQGLYLGXDO WUHH /$, HJ %pODQG HW DO  EUDQFKLQJ VWUXFWXUH HJ
%XFNVFK DQG )OHFN  DQG WR UHFRQVWUXFW SODXVLEOH WUHHV ;X HW DO  7KHVH
DSSOLFDWLRQVUHO\RQWKHFDSDFLW\WRSURYLGHDFFXUDWHDQGUHOLDEOHVWUXFWXUHLQIRUPDWLRQZKLFKLQ
WXUQ GHSHQGV RQ 7/6 GDWD TXDOLW\ 'HVSLWH WKHLU DFFXUDF\ 7/6 GDWD FDQ UDSLGO\ EHFRPH
XQUHOLDEOHZKHQXVHGLQQDWXUDOIRUHVWHQYLURQPHQWV2FFOXVLRQRIWKHODVHUVLJQDOFDQSUHYHQW
FRPSOHWHPHDVXUHPHQWRIDVSHFLILFVFHQHYDQGHU=DQGHHWDO7KHSRWHQWLDORI7/6WR
UHWULHYH ' VWUXFWXUH LV DOVR QRW IXOO\ H[SORLWHG EHFDXVH RI RWKHU SUREOHPV VXFK DV L
PRYHPHQWJHQHUDWHGE\ZLQG LL SUHVHQFHRIREMHFWV DWD ILQHU OHYHO WKDQ WKDWZKLFK FDQEH
UHVROYHG E\7/6 DQG LLLPLVUHJLVWUDWLRQ RI7/6 SRVLWLRQ7KXV RXU FDSDFLW\ WR GLVWLQJXLVK
EHWZHHQ ZRRG DQG IROLDJHPDWHULDO UHPDLQV OLPLWHG LQ WKHVH HQYLURQPHQWV $OVR 7/6 VFDQV
SURYLGH D UDZ VNHWFK RI WKH VSDWLDO GLVWULEXWLRQ RI HOHPHQWV LQ ' EXW GR QRW JLYH VSHFLILF
LQIRUPDWLRQRQWKHLUJHRPHWU\DQGFRQQHFWLYLW\WRSRORJ\ 

7KH /$UFKLWHFW /L'$5 WR WUHH $UFKLWHFWXUH PRGHOLQJ WRRO ZDV GHYHORSHG WR DGGUHVV WKH
OLPLWDWLRQVRI7/6GDWDLQQDWXUDOIRUHVWVWDQGVDQGWRH[WUDFWILQHVFDOHVWUXFWXUDODWWULEXWHVRI
LQGLYLGXDO WUHHV &{Wp HW DO   /$UFKLWHFW ZDV GHVLJQHG DV D SUDFWLFDO WRRO WR
V\QWKHVL]H DQG TXDQWLI\ VSDWLDO GLVWULEXWLRQ RI WUHH FRPSRQHQWV IURP 7/6 VFDQV /$UFKLWHFW
XVHV JHRPHWULFDOO\ UHJLVWHUHG 7/6 VFDQV RI LQGLYLGXDO WUHHV WR FRQVWUXFW D PRGHO RI WKH WUHH
VWUXFWXUH ([SDQGLQJ WKHPRGHO WR FUHDWH D GHWDLOHG UHSUHVHQWDWLRQ RI IRUHVW FDQRS\ VWUXFWXUH
UHTXLUHV WKHFUHDWLRQRIDFDWDORJRI LQGLYLGXDO WUHH VDPSOHV VFDQQHGZLWKD7/6&{Wp HWDO
7KHUHVXOWVIURP/$UFKLWHFWDUHZHOODGDSWHGWRQDWXUDOIRUHVWVEXWVRPHLPSURYHPHQWV
DUHUHTXLUHGEHIRUHLWFDQEHFRPHDIXOO\RSHUDWLRQDO WRRO$FXUUHQWSURMHFWLQ1HZIRXQGODQG
&DQDGD DLPV DW IRUHVW FKDUDFWHUL]DWLRQ DQG HQKDQFHG LQYHQWRU\ LQFRUSRUDWLQJ ZRRGILEUH
DWWULEXWHV XVLQJ /L'$5 GDWD DQG DUFKLWHFWXUDO PRGHOLQJ 7KHVH WRROV ZLOO DOORZ SUHFLVH
HVWLPDWLRQ RI NH\ VWUXFWXUDO DWWULEXWHV QRW FXUUHQWO\ DYDLODEOH LQ WKH LQYHQWRU\ /$UFKLWHFW LV
XVHG WR SURYLGH GHWDLOHG WUHH VWUXFWXUH IRU FDOFXODWLQJPHWULFV UHODWHG WR WUHH DQG IRUHVW VWDQG
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VWUXFWXUH$OWKRXJK/$UFKLWHFWKDVSURYHQLWVFDSDELOLW\LQVHYHUDOQDWXUDOIRUHVWHQYLURQPHQWV
WKHPDLQJRDORIWKLVVWXG\ZDVWRHQKDQFHWKHPRGHO¶VFDSDELOLWLHV7KHILUVWREMHFWLYHZDVWR
DGDSW/$UFKLWHFW WRUHGXFHFRPSXWLQJ WLPHUHTXLUHG WRJHQHUDWHSODXVLEOH WUHHVWUXFWXUHZKLOH
LPSURYLQJ VRPH RI WKH DOJRULWKPV XVHG LQ HDUOLHU YHUVLRQV 7KH VHFRQG REMHFWLYH ZDV WR
LPSOHPHQW DUFKLWHFWXUDO PRGHOV RI EDOVDP ILU $ELHV EDOVDPHD / 0LOO DQG EODFN VSUXFH
3LFHD PDULDQD 0LOO %63 LQ /$UFKLWHFW DQG WR YDOLGDWH WKHVH PRGHOV ZLWK GHVWUXFWLYH
PHDVXUHPHQWV RI EUDQFKLQJ VWUXFWXUH DQG IROLDJH GLVWULEXWLRQ 7KH ILQDO REMHFWLYHZDV WR XVH
/$UFKLWHFW WR FRQVWUXFW D GHWDLOHG ' VWUXFWXUDO PRGHO RI SHUPDQHQW VDPSOH SORWV 363
GRPLQDWHGE\EDOVDPILUDQGEODFNVSUXFHLQ1HZIRXQGODQG 

 
2. Methods 
 
2.1 L-Architect architectural model 
 
/$UFKLWHFW ZDV DGDSWHG IURP LWV SUHYLRXV YHUVLRQ VHH &{Wp HW DO   
,PSURYHPHQWVWRWKHRULJLQDOWRROUHVXOWHGLQWKHUHPRYDORIWLPHFRQVXPLQJSUHSURFHVVLQJDQG
PRGHOSDUDPHWHUL]DWLRQ7KHPRGHOLQJWRROLVQRZFDSDEOHRIJHQHUDWLQJPRGHOVRIWUHHVZLWK
RQO\WZRLQSXWYDULDEOHV'%+DQGWRWDOOHDIDUHD/$UFKLWHFWLVGHVLJQHGWRFRQVWUXFW'WUHH
VWUXFWXUHPRGHOVXVLQJ7/6VFDQV:HWRRNDGYDQWDJHRIWKH2SHQ/6\VWHPVIRUPDOLVP0ƟFK
DQG3UXVLQNLHZLF]WRFRQWUROEUDQFKJURZWKDQGIROLDJHDGGLWLRQZLWKLQWKHWUHHFURZQ
6SHFLILFUXOHVFDOOHGSURGXFWLRQVIRUVLPXODWLQJWUHHGHYHORSPHQWZHUHLPSOHPHQWHGDWWKHEXG
OHYHO)LJ,QRXUPRGHOWKHPDLQWUXQNGHYHORSVIURPWKHWHUPLQDOEXGRUGHU7KHODWHUDO
EXGVRQDQD[LVRIRUGHUQPD\SURGXFHEXGVWKDWEHFRPHWKHWHUPLQDOEXGRID[LVDWRUGHUQ
7KH RULHQWDWLRQ RI LQWHUQRGHV RU VKRRWV PD\ EH PRGLILHG E\ WZR IDFWRUV RSWLPDO JURZWK
GLUHFWLRQGHWHUPLQHGE\HQYLURQPHQWDQGWKHWHQGHQF\WRPDLQWDLQDSUHIHUUHGRULHQWDWLRQZLWK
UHVSHFW WR JUDYLW\ WURSLVP 7ZR SURFHVVHV ZHUH LPSOHPHQWHG ZLWKLQ DQ 2SHQ /6\VWHP
IUDPHZRUN IRU SURYLGLQJ XVHIXO LQIRUPDWLRQ WR FRQVWUXFW PRGHOV RI UHDOLVWLF WUHHV LQ QDWXUDO
IRUHVWVLGHWHUPLQLQJspace availabilityIRUEUDQFKJURZWKDQGLLHVWLPDWLQJlight exposure
IRUVXSSRUWLQJIROLDJHDGGLWLRQZLWKDUHVRXUFHDOORFDWLRQPRGHO 

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)LJXUH6FKHPDWLFRIEXGIRUPDWLRQ7ZRGLIIHUHQWVXFFHVVRUVVLGHDQGWRSYLHZDUHDSSOLHG
GHSHQGLQJRQLILWLVDWHUPLQDOVWRUGHURUDQWKRUGHUEXG


7KHEUDQFKLQJ VWUXFWXUHZDVGHYHORSHGXVLQJ WKHSURGXFWLRQV SURWRFROV LQFRQMXQFWLRQZLWKD
VSDFHFRORQL]DWLRQDOJRULWKP5XQLRQVHWDOLPSOHPHQWHGDVDQHQYLURQPHQWSURFHVV,W
DVVXPHV WKDW HDFK EXG LV VXUURXQGHG E\ D VSKHULFDO RFFXSDQF\ ]RQH RI UDGLXV ȡ DQG KDV D
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FRQLFDOSHUFHSWLRQYROXPHFKDUDFWHUL]HGE\WKHSHUFHSWLRQDQJOHșDQGGLVWDQFHU)LJ7KH
VSDFHDYDLODEOHIRUWUHHJURZWKLVUHSUHVHQWHGE\DVHWRIDWWUDFWRUV67KHVHSRLQWVDUHUHDGIURP
WKH7/6FRUHJLVWHUHGVFDQV$WHYHU\VWHSDWWUDFWRUVZLWKLQWKHRFFXSDQF\]RQHRIDQ\EXGDUH
GHOHWHGIURPWKHVHW6$QDWWUDFWRUZLWKLQWKHSHUFHSWLRQYROXPHRIVHYHUDOEXGVLVDVVRFLDWHG
ZLWKWKHFORVHVWRQH7KHRSWLPDOJURZWKGLUHFWLRQ9RIDEXG$LVFDOFXODWHGDVWKHQRUPDOL]HG
VXP RI WKH QRUPDOL]HG YHFWRUV WRZDUG DOO LWV DWWUDFWRUV 7KLV SURFHVV LV UHSHDWHG XQWLO WKH
DWWUDFWRU VHW LV HPSW\ RU LW UHDFKHV D PD[LPXP QXPEHU RI VWHSV $W WKH HQG WKH EUDQFKLQJ
VWUXFWXUHRIWKHWUHHLVJHQHUDWHG 

U
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)LJXUH6SDFHFRORQL]DWLRQ>/HIW@3HUFHSWLRQYROXPHDQGRFFXSDQF\IRUDEXG>5LJKW@&RPSHWLWLRQ
EHWZHHQUHPDLQLQJDWWUDFWRUV$GDSWHGIURP3DOXELFNLHWDO


)ROLDJHDGGLWLRQVWDUWVDWWKHHQGRIWKHEUDQFKLQJVWUXFWXUHGHYHORSPHQW,WFRQVLVWVRIDGGLQJ
DQGGLVWULEXWLQJDIL[HGQXPEHURIFRQLIHUVKRRWVLQWKHWUHHFURZQ$WHDFKGHULYDWLRQVWHSZH
FDOFXODWHGWKHOLJKWDYDLODELOLW\DWHDFKEXGSRVLWLRQDQGXVHGWKHFXPXODWLYH OLJKW UHVRXUFHDW
WKHWUHHOHYHOWRGHWHUPLQHWKHEXGV¶IDWH$PHWKRGEDVHGRQVKDGRZSURSDJDWLRQ3DOXELFNLHW
DOZDVLPSOHPHQWHGWRFRPSXWHDFRDUVHHVWLPDWHRIOLJKWH[SRVXUHIRUHDFKEXG/LJKW
DYDLODELOLW\ VHUYHG WR GHWHUPLQH ZKLFK EXGV FRXOG SURGXFH QHZ VKRRWV :H LPSOHPHQWHG D
SULRULW\UHVRXUFHDOORFDWLRQPRGHOWKDWRSHUDWHVDWWKHOHYHORIHQWLUHD[HV3DOXELFNLHWDO
7KH WRWDO QXPEHU RI VKRRWV WR DGG LQWR WKH WUHH VWUXFWXUH ZDV IL[HG DW WKH EHJLQQLQJ RI WKH
VLPXODWLRQDQGZDVSURSRUWLRQDOWRWRWDOOHDIDUHD%XGVZLWKWKHPRVWDYDLODEOHUHVRXUFHVZHUH
FKRVHQILUVW LQGHVFHQGLQJRUGHU WRSURGXFHQHZVKRRWVXQWLOZHUHDFKHG LQRQHRUPXOWLSOH
GHULYDWLRQVWHSVWKHFRUUHFWWRWDOOHDIDUHD 

:HVLPXODWHGEUDQFKVKHGGLQJE\FRPSDULQJWKHWRWDODPRXQWRIUHVRXUFHVJDWKHUHGE\DEUDQFK
DQGWKHEUDQFKVL]HPHDVXUHGLQQXPEHURILQWHUQRGHV,IERWKTXDQWLWLHVIHOOEHORZDVSHFLILHG
WKUHVKROG WKH EUDQFK ZDV FRQVLGHUHG D OLDELOLW\ IRU WKH WUHH DQG ZDV VKHG )LQDOO\ EUDQFK
GLDPHWHUV ZHUH HVWLPDWHG IROORZLQJ D SLSH PRGHOLQJ DSSURDFK GHSHQGLQJ RQ WKH QXPEHU RI
FKLOGUHQDSDUHQWEUDQFKVXSSRUWHG;XHWDO


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2.2 PSP reconstruction with L-Architect 
 
363 UHFRQVWUXFWLRQ ZDV DFFRPSOLVKHG E\ XVLQJ WKH /$UFKLWHFW PRGHO ZLWK VXSSOHPHQWDO
PHDVXUHPHQWVIURPLQYHQWRU\GDWD7/6VFDQVZHUHXVHGWREXLOGDFDWDORJRILQGLYLGXDOWUHHV
:HDVVRFLDWHGHDFKVFDQZLWKLWVVSHFLHV'%+WRWDOKHLJKW+VLWHFODVVDQGFURZQGHQVLW\
FODVV)RUHDFKWUHHIRXQGZLWKLQWKH363WKHDOJRULWKPFKRVHDWUHHVFDQRIWKHVDPHVSHFLHV
VLWHDQGFURZQGHQVLW\FODVVIURPWKHFDWDORJWKDWPLQLPL]HGWKHIROORZLQJFRQVWUDLQW EHWZHHQ
WKHVFDQQHGWUHHVDQGWKHPHDVXUHPHQWWDNHQRQWKHUHDOWUHHLQWKHLQYHQWRU\GDWDL 

L
VL
L
VL
+
++
'%+
'%+'%+  .   

2QFHDWUHHIURPWKHFDWDORJZDVFKRVHQZHDSSOLHGDVFDOHIDFWRUWRHDFKSRLQWFRPSRVLQJWKH
7/6VFDQWRREWDLQWKHVDPHDSSUR[LPDWHKHLJKWDQGFURZQGLPHQVLRQVRIHDFKWUHHIRXQGLQWKH
3637KHQ'%++DQG WRWDO OHDIDUHD/$ZHUHJLYHQDV LQSXWVWR/$UFKLWHFW7KH/$ZDV
FDOFXODWHGXVLQJDOORPHWULFUHODWLRQVKLSVGHYHORSHGVSHFLILFDOO\IRUEDOVDPILUDQGEODFNVSUXFH
WUHHVLQ1HZIRXQGODQG/DYLJQHHWDO1HZWRQ)ROLDJHPRGHOVZHUHFUHDWHGXVLQJ
VKRRWDQGQHHGOHDUUDQJHPHQWVDVPHDVXUHGIRUWKHVHOHFWHGVSHFLHVLQDVLPLODUHQYLURQPHQW 

7KH SURFHGXUHV ZHUH UHSHDWHG IRU DOO WUHHV SUHVHQW RQ HDFK 363 (DFK WUHH RI WKH 363 ZDV
SRVLWLRQHGDWWKHORFDWLRQLGHQWLILHGIURPWKHLQYHQWRU\DQGZDVURWDWHGUDQGRPO\LQD]LPXWKWR
DYRLGVSXULRXVIUHTXHQFLHVLQWKHVFHQH&UHDWLQJPDSVRIWUHHORFDWLRQVUHTXLUHGILUVWDSUHFLVH
*36 ORFDWLRQRI WKH363FHQWUDOSRLQW7KHQ WKHGLVWDQFHDQGD]LPXWKRIDOO WUHHV LQ WKH363
ZHUHPHDVXUHGIURPLWVFHQWHUXVLQJDODVHUUDQJHILQGHU7KH[\]SRVLWLRQVRIHDFKWUHHZHUH
FDOFXODWHGXVLQJWKH*36ORFDWLRQGLVWDQFHDQGD]LPXWKLQIRUPDWLRQ
 
 
2.3 LiDAR data 

2.3.1 Terrestrial LiDAR 

0HDVXUHPHQWV ZHUH FRQGXFWHG GXULQJ VXPPHU ± RYHU  363V ORFDWHG LQ
1HZIRXQGODQG 7KH GRPLQDQW VSHFLHV ZHUH EDOVDP ILU DQG EODFN VSUXFH *HRUHIHUHQFHG WUHH
ORFDWLRQVZHUHPHDVXUHGZLWKLQDOOWKH363V$WRWDORILQGLYLGXDOWUHHVORFDWHGRQGLIIHUHQW
SORWV DQG RQH 363 FRPSULVLQJ  EDOVDP ILU WUHHVZHUH VFDQQHGZLWK D 7/6 WKH ,OULV' RI
2SWHFK,QF LQDQGWKH=ROOHU)U|KOLFK=)KLQ7KH,OULV'HPLWVOLJKWDW
QPDQGVFDQVZLWKDPD[LPXPYLHZLQJZLQGRZRIîZKLFKFDQEHDGMXVWHGWRILW
WDUJHW REMHFWV 7KLV V\VWHP PHDVXUHV WKH SRVLWLRQ E\ FDOFXODWLQJ WLPH GHOD\ EHWZHHQ WKH
HPLVVLRQDQGWKHUHFHSWLRQRIVLJQDOEDFNVFDWWHULQJLQWHQVLW\LQHLWKHUILUVWRUODVWUHWXUQPRGH
7KH =) HPLWV OLJKW LQ WKH YLVLEOH  QP DQG VFDQV ZLWK D QHDU FRPSOHWH KHPLVSKHULF
YLHZLQJZLQGRZRIî,WUHFRUGHGUHWXUQSRVLWLRQXVLQJSKDVHFRPSDULVRQ 

$W OHDVW WZR7/6VFDQVZHUHDFTXLUHGIURPGLIIHUHQWSRVLWLRQV WRPD[LPL]HYLHZLQJJURXSRI
WUHHVZKLOH UHGXFLQJ WKHQHJDWLYH LPSDFW RI VLJQDORFFOXVLRQ7KH363 VFDQQHGZLWK WKH=)
XVHGQLQHGLIIHUHQWSRVLWLRQVIRUPLQJDQ³;´VKDSHRQHFHQWHUORFDWLRQIRXUFRUQHUSRVLWLRQV
DQGIRXUEHWZHHQWKHFHQWHUDQGFRUQHUSRVLWLRQV7KH'SRLQWFORXGVWDNHQE\WKH7/6IURP
GLIIHUHQWYLHZSRLQWVZHUHSURFHVVHGDQGDOLJQHGLQWRRQHJHRPHWULFFRRUGLQDWHV\VWHPZLWKWKH
VRIWZDUH3RLQWVWUHDP',PDJH6XLWH




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2.3.2 Airborne LiDAR 

$WRWDORINPRIWKHFRPPHUFLDOIRUHVWDUHDRI1HZIRXQGODQGZHUHIORZQLQ±
'DWD ZHUH DFTXLUHG ZLWK DQ 2SWHFK $LUERUQH /DVHU 7HUUDLQ 0DSSHU $/70  V\VWHP
RSHUDWLQJDWDVFDQUDWHEHWZHHQ±+]ZLWKDVFDQDQJOHRI$FTXLVLWLRQZDVGRQHDWDQ
DOWLWXGHEHWZHHQ±PZLWKDQDSSUR[LPDWHSRLQWGHQVLW\RI ±SRLQWVP$JURXQG
FODVVLILFDWLRQZDVDSSOLHGWRWKHSRLQWVLQHDFKEORFNWRFOHDQWKHGDWDRIHUURQHRXVSRLQWVDQGWR
FRPSDUHWKHDOLJQPHQWRIJURXQGVXUIDFHVEHWZHHQIOLJKWOLQHV$LUERUQH/L'$5GDWDFRLQFLGHG
ZLWK363V UHFRQVWUXFWHGZLWK/$UFKLWHFW+HLJKWUHODWHGPHWULFV DW P UHVROXWLRQZHUH
H[WUDFWHG IRU HDFK363 DQGXVHG WR FRPSDUH WKH YHUWLFDO VWUXFWXUH SURILOHV GHULYHG IURP$/6
GDWDDQGVLPXODWHGZLWKWKHDUFKLWHFWXUDOPRGHO 


2.4 Tree level validation 
 
:HPHDVXUHGNH\DWWULEXWHVRIEUDQFKJHRPHWU\DQGIROLDJHVSDWLDOGLVWULEXWLRQRYHUDVPDOOEXW
UHSUHVHQWDWLYH VDPSOHRI WUHHV WRYDOLGDWH WKHPRGHO$ WRWDORIVL[ WUHHV WKUHHEDOVDPILUDQG
WKUHHEODFNVSUXFHZHUHVHOHFWHGWRDGGUHVVWKHYDOLGDWLRQH[HUFLVH)RUHDFKVSHFLHV VHOHFWHG
WUHHVUHSUHVHQWHG WKHKLHUDUFKLFDOFODVVVWDWXVRIRQHUHJHQHUDWLQJRQH LPPDWXUHRUMXYHQLOH
DQGRQHPDWXUH WUHH DOO ORFDWHG LQZHVWHUQ1HZIRXQGODQG &DQDGD7KHEDOVDP ILU WUHHV DUH
KHUHDIWHUUHIHUUHGWRDVE)UHJHQHUDWLQJE)LPPDWXUHDQGE)PDWXUH6LPLODUO\WKHEODFNVSUXFH
WUHHVDUHUHIHUUHGWRDVE6UHJHQHUDWLQJE6LPPDWXUHDQGE6PDWXUH6DPSOLQJZDVSHUIRUPHGLQ
WZRVWHSV)LUVWHDFKWUHHZDVVFDQQHGZLWKWKH,OULV'7KHVFDQVZHUHWDNHQDWWZRRSSRVLWH
YLHZSRLQW ORFDWLRQV DURXQG WKH WUHH XVLQJ ILUVW UHWXUQ PRGHV 6HFRQG HDFK WUHH ZDV FXW WR
PHDVXUHDVXLWHRIVWUXFWXUDODWWULEXWHV7KH'%+DQGWRWDOWUHHKHLJKWZHUHPHDVXUHG)RUHDFK
EUDQFKDQG WZLJFRQQHFWHG WR WKHPDLQVWHPZHPHDVXUHGLWV LKHLJKWRI LQVHUWLRQIURPWKH
PDLQVWHPEDVH LLEDVDOGLDPHWHULLL OHQJWKLY]HQLWKDQJOHRI LQVHUWLRQLQ WKHVWHPDQG
YWKH QXPEHU RI VKRRWV GHYHORSHG GXULQJ WKH SUHYLRXV \HDU RI JURZWK  \HDU ROG 7KH
FRPSDUDWLYH DQDO\VLV ZLWK WKH PRGHO ZDV SHUIRUPHG E\ JURXSLQJ FODVVHV RI HDFK HYDOXDWHG
YDULDEOH7KHEUDQFKGLDPHWHUFODVVHVZHUHJURXSHGE\LQWHUYDOVRIPPPPDQGPP
IRU WKH UHJHQHUDWLQJ LPPDWXUH DQG PDWXUH WUHHV UHVSHFWLYHO\ 6LPLODUO\ WKH EUDQFK OHQJWK
FODVVHVZHUHJURXSHGE\LQWHUYDOVRIFPFPDQGFPDQGWKHYHUWLFDOGLVWULEXWLRQRI
VKRRWVE\LQWHUYDOVRIFPFPDQGFP%UDQFKLQVHUWLRQ]HQLWKDQJOHVZHUHJURXSHG
DWLQWHUYDOVRIIRUDOOWUHHV 


2.5 Comparisons between LiDAR data and simulated structure 
 
'HVWUXFWLYHVDPSOLQJZDVQRWDQRSWLRQIRU WKHHYDOXDWLRQRIRXUUHFRQVWUXFWHG363VWUXFWXUH
DQGQRRWKHU LQGHSHQGHQWEDVHOLQHGDWDVHWZHUHDYDLODEOH WRYDOLGDWHRXUDSSURDFKDW WKHSORW
OHYHO$SUHOLPLQDU\DVVHVVPHQWRIWKH'VLWHUHFRQVWUXFWLRQPHWKRGZLWK/$UFKLWHFWIRUWKH
363ZDVGRQHE\FRPSDULQJWKHVLPXODWHGVWUXFWXUHZLWK/L'$5PHWULFVLWKHGHQVLW\LQGH[
PDWUL[GHULYHGIURPWKHFRUHJLVWHUHGSRLQWFORXGRIWKH363VFDQQHGZLWKWKH7/6DQGLLWKH
KHLJKWSHUFHQWLOHGHULYHGIURP$/6GDWDIRUWKHFRLQFLGLQJ363V 

)LUVW WKH FRUHJLVWHUHG SRLQW FORXG RI WKH 363 VFDQQHG ZLWK WKH 7/6 ZDV YR[HOL]HG DQG
SURFHVVHGWRDVVLJQWRHDFKYR[HODGHQVLW\LQGH[ȁWKDWLVSURSRUWLRQDOWRWKHVXUIDFHGHQVLW\RI
WKHPDWHULDO7KHPHWKRGZDVGHYHORSHGILUVWE\'XUULHXHWDODQGDGDSWHGWRPXOWLSOH
7/6VFDQVE\&{WpHWDODQGLVFDOOHGKHUHDIWHU/9R[/LGDUWR9R[HOVȁGHSHQGVRQWKH
QXPEHURIODVHUEHDPUHWXUQV
EHIRUHOWKHRUHWLFD
LQVLGH
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ZKHUH1WKHRUHWLFDOLVWKHWKHRUHWLFDOQXPEHURIODVHUEHDPVHQWHULQJDYR[HO1EHIRUHLVWKHQXPEHURI
LQWHUFHSWHGODVHUEHDPVEHIRUHWKHWDUJHWHGYR[HODQG1LQVLGHLVWKHQXPEHURIODVHUEHDPUHWXUQV
LQ WKH YR[HO :H FRPSDUHG WKH YHUWLFDO SURILOH RI ȁ REWDLQHG ZLWK /9R[ DQG WKH VLPXODWHG
VWUXFWXUHZLWK/$UFKLWHFW7KH WUDQVODWLRQEHWZHHQ WKHJHRPHWULF DQGYR[HO UHSUHVHQWDWLRQRI
WKHVLPXODWHG363ZDVGRQHE\VXPPLQJWKHWRWDOVXUIDFHDUHDRIDOORIWKHJHRPHWULF REMHFWV
IDOOLQJLQHDFKYR[HO%RWK'PDWULFHVZHUHQRUPDOL]HGWRDOORZWKHLUFRPSDULVRQE\GLYLGLQJ
HDFKYR[HO¶VYDOXHZLWKWKHVXPRIDOOYR[HOV¶YDOXHVLQWKH'PDWUL[ 

6HFRQG WKH KHLJKW SHUFHQWLOHV ZHUH FDOFXODWHG IURP WKH $/6 ILUVW UHWXUQV DQG DOVR IURP WKH
VLPXODWHG VWUXFWXUH RI WKH363V E\ XVLQJ WKH YHUWLFDO GLVWULEXWLRQV RI WKHPDWHULDO IROLDU DQG
ZRRGVXUIDFHDUHD 


3. Results 

3.1 Validation of reconstructed trees with measurements of sample trees 
 
9LVXDODVVHVVPHQWRI WKHVDPSOHG WUHHVUHFRQVWUXFWHGZLWK/$UFKLWHFWFRPSDUHGZLWKRULJLQDO
SKRWRJUDSKVDQGWKHFRUHJLVWHUHG7/6SRLQWFORXGVVKRZHGJRRGFRUUHVSRQGHQFH)LJ7UHH
'%+DQGKHLJKWZHUHZLWKLQGLIIHUHQFHVRI]HURDQGFPUHVSHFWLYHO\ZLWKPHDVXUHPHQWVDV
WKH\ZHUHJLYHQDVLQSXWWRWKHPRGHO7KHGLVWULEXWLRQRIEUDQFKHVSHUFODVVRIEDVHGLDPHWHU
)LJEUDQFKOHQJWKDQG]HQLWKDQJOHDVZHOODVWKHYHUWLFDOSURILOHVRIWKHQXPEHURIVKRRWV
)LJFRPSDUHGZHOOZLWKLQVLWXPHDVXUHPHQWV%UDQFKEDVDOGLDPHWHUGLVWULEXWLRQVVKRZHG
VWURQJFRUUHODWLRQU!ZLWKILHOGPHDVXUHPHQWVZLWKDQRUPDOL]HGURRWPHDQVTXDUHHUURU
1506( EHWZHHQ  DQG  7DEOH  6LPLODU UHVXOWV ZHUH IRXQG IRU EUDQFK OHQJWK
GLVWULEXWLRQU1506(H[FHSWIRUWKHE)PDWXUHZKHUHWKHUHFRQVWUXFWHG
VWUXFWXUH H[KLELWHG ORQJHU EUDQFKHV RQ DYHUDJH FRPSDUHGZLWK WKH DFWXDO WUHHV ZLWK D ORZ U
YDOXHDQGODUJH1506(7KHDQJOHRILQVHUWLRQZDVKLJKO\FRUUHODWHGU
ZLWKILHOGPHDVXUHPHQWVDQG1506(H[FHSWIRUWKHUHJHQHUDWLQJDQGLPPDWXUH
EDOVDPILUV7KHE)UHJHQHUDWLQJVKRZHGDPHGLDQYDOXHDURXQGFRPSDUHGZLWKRIWKH
DFWXDO WUHH$SRWHQWLDO VRXUFHRIHUURU LQ WKH LQVHUWLRQ]HQLWKDQJOHPHDVXUHPHQW LQFOXGHV WKH
LPSURSHU]DOLJQPHQWRIWKHWUHHGXULQJWKHPHDVXUHPHQWVRIEUDQFKLQVHUWLRQDQJOH,QWKHFDVH
RIWKHE)LPPDWXUHRIWKHWRWDOQXPEHURIEUDQFKHVPRVWO\VPDOOZLWKDEDVDOGLDPHWHURI
PPZHUHPLVVLQJDQGFRXOGH[SODLQLQSDUWWKHODFNRIEUDQFKHVRULHQWHGDURXQG/DVWO\
WKHYHUWLFDOGLVWULEXWLRQRI VKRRWVEHWZHHQVDPSOHGDQG VLPXODWHG WUHHVZDVKLJKO\ FRUUHODWHG
UIRUPRVWRIWKHWUHHV1506(UDQJLQJIURPWR/RZHUUYDOXHVZHUHIRXQG
IRU E6UHJHQHUDWLQJ  DQG E)PDWXUH 9HUWLFDO GLVWULEXWLRQZDV VKLIWHG XS IRU WKH
UHFRQVWUXFWHG E6UHJHQHUDWLQJ ZKHUHDV D VKLIW GRZQ ZDV REVHUYHG IRU WKH E)PDWXUH
1RQHWKHOHVVERWKJDYHD1506(EHORZ

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)LJXUH([DPSOHRIUHFRQVWUXFWHGWUHHZLWK/$UFKLWHFW7KHPDWXUHEDOVDPILU>OHIW@WKHRULJLQDO
SKRWRJUDSK>FHQWHU@WKHFRUHJLVWHUHG7/6SRLQWFORXGDQG>ULJKW@WKHUHFRQVWUXFWHGWUHH


7DEOH&RUUHODWLRQEHWZHHQVHOHFWHGYDULDEOHVIURPILHOGPHDVXUHGDQGUHFRQVWUXFWHGWUHHV

 %UDQFK'LDPHWHU'LVWULEXWLRQ %UDQFK/HQJWK'LVWULEXWLRQ
 U 1506( U 1506(
E6UHJHQHUDWLQJ    
E6LPPDWXUH    
E6PDWXUH    
E)UHJHQHUDWLQJ    
E)LPPDWXUH    
E)PDWXUH    
 %UDQFK$QJOH'LVWULEXWLRQ 9HUWLFDO'LVWULEXWLRQRI6KRRWV
 U 1506( U 1506(
E6UHJHQHUDWLQJ    
E6LPPDWXUH    
E6PDWXUH    
E)UHJHQHUDWLQJ    
E)LPPDWXUH    
E)PDWXUH    


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)LJXUH9HUWLFDOGLVWULEXWLRQRIQXPEHURIVKRRWVIRUWKHUHIHUHQFHILHOGPHDVXUHPHQWVEODFNDQG
UHFRQVWUXFWHGWUHHZLWK/$UFKLWHFWJUH\DVWHULVNV$E6UHJHQHUDWLQJ%E)UHJHQHUDWLQJ&
E6LPPDWXUH'E)LPPDWXUH(E6PDWXUHDQG)E)PDWXUH
 
 
 
3.2 Evaluation of reconstructed PSPs with TLS and ALS 
 
7KH FRPSDULVRQ EHWZHHQ WKH YHUWLFDO QRUPDOL]HG GLVWULEXWLRQ RI WKH VLPXODWHG VWUXFWXUH ZLWK
/$UFKLWHFW)LJDQG7/6GHULYHGGHQVLW\LQGH[PDWUL[FDOFXODWHGZLWK/9R[IRUWKHVFDQQHG
363LVVKRZQLQ)LJ&RUUHODWLRQEHWZHHQWKHGHQVLW\PDWUL[DQGWKHVLPXODWHGVWUXFWXUHIRU
WKHYHUWLFDOGLVWULEXWLRQZDVZLWK1506' 7KH7D\ORUGLDJUDP7D\ORULQ
)LJ VXPPDUL]HV JUDSKLFDOO\ KRZ FORVHO\ WKH VLPXODWHG GLVWULEXWLRQ RI KHLJKW SHUFHQWLOHV
PDWFKHV REVHUYDWLRQV TXDQWLILHG LQ WHUPV RI WKHLU VWDWLVWLFDO FRUUHODWLRQ FHQWHUHG URRW PHDQ
VTXDUH GHYLDWLRQ &506' DQG PDJQLWXGH RI WKH YDULDELOLW\ HVWLPDWHG E\ WKH VWDQGDUG
GHYLDWLRQ6WURQJFRUUHODWLRQVZHUHREVHUYHGIRUDOO363VEHWZHHQWKHGLVWULEXWLRQRIKHLJKW
SHUFHQWLOHV FDOFXODWHG IURP WKH$/6 ILUVW UHWXUQV DQG WKH VLPXODWHG YHUWLFDO SURILOHRI VXUIDFH
DUHDV$PHDQFRUUHODWLRQRIZDVREVHUYHGZKHUHWKHELDVQHYHUVXUSDVVHVPPHDQ
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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RIP7KHGLIIHUHQFHVFDQEHUHODWHGWRLREMHFWRFFOXVLRQLQKHUHQWLQD/L'$5GDWDVHW
LLWKHIDFWWKDWXQGHUVWRU\YHJHWDWLRQDQGIDOOHQWUHHVZHUHQRWFRQVLGHUHG LQ WKHVLPXODWLRQV
DQGLLLSRVLWLRQLQJHUURURIWKHVLPXODWHGWUHHV  


 
)LJXUH&RUHJLVWHUHGSRLQWFORXGOHIWDQGUHQGHUHGLPDJHULJKWRIWKHUHFRQVWUXFWHG363ZLWK
/$UFKLWHFWDUFKLWHFWXUDOPRGHO

 
)LJXUH9HUWLFDOQRUPDOL]HGGLVWULEXWLRQRIPDWHULDOGHQVLW\IRUWKH/9R[UHVXOWVDQG/$UFKLWHFW



6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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)LJXUH7D\ORUGLDJUDPFRPSDULQJKHLJKWSHUFHQWLOHVIURP$/6GDWDDQG/$UFKLWHFWIRU363V

4. Discussion  

7KH/$UFKLWHFWPRGHODVDGDSWHGLQWKLVVWXG\SURGXFHGUHDOLVWLFWUHHVWUXFWXUHXVLQJ7/6GDWD
DQGDOORPHWULF UHODWLRQVKLSV WRGHILQH WKH WRWDO DPRXQWRI IROLDJH LQ WZRPDLQSKDVHVEUDQFK
JURZWK DQG IROLDJH DGGLWLRQZLWKLQ WKH WUHH FURZQ/$UFKLWHFWZDV VXFFHVVIXOO\ LPSURYHG WR
UHFUHDWHUHDOLVWLFLQGLYLGXDOEDOVDPILUDQGEODFNVSUXFHWUHHVZLWKLQWKHFRQVWUDLQWRISUDFWLFDO
DSSOLFDWLRQWKHQHZYHUVLRQRI WKHDOJRULWKPWRRND IHZPLQXWHVFRPSDUHGZLWKKRXUVXVLQJ
WKH RULJLQDO PRGHO &{Wp HW DO  7KH FRPSDULVRQV ZLWK DFWXDO WUHHV IURP GLIIHUHQW
KLHUDUFKLFDOVWDWXVVKRZHGWKHFDSDFLW\RI/$UFKLWHFWWRPRGHOWKHVHQHZLPSOHPHQWHGVSHFLHV
LQ ERUHDO HQYLURQPHQWV 7KH YDOLGDWLRQ VKRZHG WKDW/$UFKLWHFW FDQ FKDUDFWHUL]H WKH GHWDLOHG
'GLVWULEXWLRQRIZRRGDQGIROLDJHZKLFKLVJHQHUDOO\LPSUDFWLFDOWRGRVROHO\IURPDQDO\VLV
RI7/6GDWDLQWKHFRQWH[WRIQDWXUDOPDWXUHIRUHVWHQYLURQPHQWV/$UFKLWHFW¶VUHVXOWVFRPSDUHG
IDYRUDEO\ZLWKLQVLWXPHDVXUHGEUDQFKLQJVWUXFWXUHIURPWKHPDLQVWHPGLDPHWHUOHQJWKDQJOH
RILQVHUWLRQDQGYHUWLFDOGLVWULEXWLRQRIIROLDJH,WLVVWLOOXQFOHDUKRZEHWWHUHVWLPDWHRQTXDOLW\
DWWULEXWHVFDQEHDFKLHYHGWKURXJKWKHXVHRIILQHVFDOHVWUXFWXUHLQIRUPDWLRQ)HUQiQGH]HWDO
+RZHYHUFURZQVKDSHEUDQFKLQJVWUXFWXUHDQGIROLDJHGLVWULEXWLRQDUHYHU\OLNHO\WREH
NH\ IDFWRUV LQ SUHGLFWLQJ WKH UHVXOWLQJ DWWULEXWHV 7KH PRGHO H[SDQVLRQ WRZDUG D GHWDLOHG
UHSUHVHQWDWLRQRIIRUHVWFDQRS\VWUXFWXUHUHTXLUHGWKHFUHDWLRQRIDFDWDORJRILQGLYLGXDOWUHH
7/6VFDQV7KRXJKSUHOLPLQDU\WKHDQDO\VLVEHWZHHQ/L'$5PHWULFVDQG/$UFKLWHFWVWUXFWXUH
KDVVKRZQWKHSRWHQWLDORIWKHPRGHOLQJDSSURDFKWRUHSOLFDWHWKHFRPSOH[LW\RIPDWXUHQDWXUDO
FRQLIHUIRUHVWFDQRSLHV7KHFUHDWLRQRIVXUURJDWHJURXQGUHIHUHQFHZLOOEHXVHIXOIRUUHGXFLQJ
WKHFRVWRIJURXQGPHDVXUHPHQWVZLWKRXWFRPSURPLVLQJWKHTXDOLW\RIWKHDWWULEXWHHVWLPDWHV
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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5. Conclusions  

/$UFKLWHFW LV DQ HIIHFWLYH ZD\ WR UHPRYH FXUUHQW OLPLWDWLRQV RI 7/6 GDWD VHWV DIIHFWLQJ WKH
ILQHVFDOH FKDUDFWHUL]DWLRQ RI WUHH DQG SORW VWUXFWXUH VXFK DV REMHFW RFFOXVLRQ ZLQG DQG
ZRRG±IROLDJH VHSDUDWLRQ 2XU DSSURDFK UHGXFHV VXEVWDQWLDOO\ WKH QHHG IRU GHVWUXFWLYH
PHDVXUHPHQWV RI WUHH VWUXFWXUH ZKLOH SURYLGLQJ UHOLDEOH HVWLPDWHV RI IRUHVW VWUXFWXUDO
FKDUDFWHULVWLFVEH\RQGZKDWFDQEHUHDOLVWLFDOO\GRQHPDQXDOO\LQWKHFRQWH[WRIIRUHVWLQYHQWRU\
/$UFKLWHFW FRXOG WKXV VXSSRUW LQ WKH IXWXUH WKH GHYHORSPHQW RI UHODWLRQVKLSV EHWZHHQ WUHH
VWUXFWXUDO DWWULEXWHV DQG RWKHU ELRSK\VLFDO DVSHFWV VXFK DV JURZWK RUZRRG ILEHU TXDOLW\ 7KH
DELOLW\ WR XVH WKHVH VWUXFWXUDO DWWULEXWHV LV HVSHFLDOO\ LPSRUWDQW WR HQKDQFH FXUUHQW DQG IXWXUH
IRUHVW LQYHQWRULHV ,PSURYHG LPSOHPHQWDWLRQRI/$UFKLWHFW DOVRSHUPLWV WKHXVHRI WKHPRGHO
RSHUDWLRQDOO\ DQG WR UHFRQVWUXFW FRPSOHWH ' FDQRSLHV ZLWK 7/6 VFDQV WR DXJPHQW WKH
VWUXFWXUDOLQIRUPDWLRQH[WUDFWHGIURPDLUERUQH/L'$5GDWDDQGKLJKUHVROXWLRQRSWLFDOLPDJHU\

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RIKRXVHKROGUHQHZDEOHHQHUJ\WHFKQRORJLHVKDYHOHGWRDQLQFUHDVHGLQWHUHVWLQGHWDLOHGVSDWLDOPRGHOLQJ
RI XUEDQ LUUDGLDQFH  $V D UHVXOW WKH VSDWLDO SUHGLFWLRQ RI SKRWRYROWDLF DQG VRODU WKHUPDO VXLWDELOLW\
GRPLQDWHVFXUUHQWPXQLFLSDO/L'$5DSSOLFDWLRQVUHODWHGWRHQHUJ\SODQQLQJ

1RQHWKHOHVV LW LV LPSRUWDQW WR DFNQRZOHGJH WKH FRQWUDVWLQJ UROH WUHHV SOD\ ZKHQ FRQVLGHULQJ HQHUJ\
PDQDJHPHQW LQFLWLHV :KLOH DQ DXWRPDWHGDVVHVVPHQWRI WKH DEVHQFHRI VKDGLQJRQEXLOGLQJ URRIWRSV
DFURVV D FLW\ LV WKH SULPDU\ REMHFWLYH RI PRVW VRODU PDSSLQJ DSSOLFDWLRQV HJ
KWWSZZZJHRZHEGQYRUJDSSOLFDWLRQVVRODUDSS KWWSJLVFLW\RIERVWRQJRY6RODU%RVWRQ
KWWSVIHQHUJ\PDSRUJKWWSQ\FVRODUPDSFRPWUHHVKDGHRQDEXLOGLQJHQYHORSHHVSHFLDOO\LWVZDOOV
DQGZLQGRZVKDVDOVREHHQSURPRWHGDVDORZFRVWRSWLRQIRUUHGXFLQJWKHHQHUJ\FRQVXPHGIRUVSDFH
FRQGLWLRQLQJ  5HVXOWV RI VLPXODWLRQV E\ 6LPSVRQ DQG 0F3KHUVRQ  LQGLFDWH WKDW WKH VWUDWHJLF
SODQWLQJRIVHYHUDOWUHHVFDQSURGXFHXSWRDGHFUHDVHLQFRROLQJHQHUJ\XVHDQGDGHFUHDVHLQ
SHDNHOHFWULFLW\XVH6LPLODUO\+XDQJHWDOVKRZWKDWDLQFUHDVHLQWUHHFRYHUUHVXOWVLQD
±GHFUHDVH LQEXLOGLQJFRROLQJHQHUJ\XVH DQG/DEDQGDQG6RSKRFOHXV GHPRQVWUDWH WKDWD
KRXVHLQIXOOVXQXVHVWLPHVWKHFRROLQJHQHUJ\DVDQLGHQWLFDOEXLOGLQJLQGHQVHVKDGH7KLVSRWHQWLDO
 6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD 
 
WR UHGXFH HOHFWULFLW\ FRQVXPSWLRQ DOVR HQFRXUDJHV WKH DGGHG VHFRQGDU\ EHQHILW RI XVLQJ VKDGH WUHHV WR
PLWLJDWHFDUERQHPLVVLRQV$NEDULIRUH[DPSOHH[SODLQVWKDWDVKDGHWUHHFDQRIIVHWWKHFDUERQ
HPLVVLRQV DVVRFLDWHGZLWKSRZHU SODQWV DW D UDWH RIXS WR  WLPHV LWV SK\VLRORJLFDO DELOLW\ WR VHTXHVWHU
FDUERQ

*LYHQ WKH FRQWUDVWLQJHIIHFWVRI WUHHVRQ HQHUJ\FRQVHUYDWLRQDQG VRODUHQHUJ\ VXSSO\ HIIHFWLYHSROLF\
UHTXLUHVWKRXJKWIXOGHVLJQWREDODQFHWKHVHFRPSHWLQJIDFWRUV:KLOHYHJHWDWLRQPDQDJHPHQWVWUDWHJLHV
DUH DOUHDG\ RIWHQ LQWHJUDWHGZLWKPXQLFLSDO SODQQLQJ LQLWLDWLYHV WZR HQHUJ\VSHFLILF SROLFLHV FXUUHQWO\
H[LVW WKDW KHOS WR LOOXVWUDWH WKH MX[WDSRVLWLRQ RI WUHH VKDGH LQ KRXVHKROG HQHUJ\PDQDJHPHQW VWUDWHJLHV
QDPHO\VRODUDFFHVVODZVDQGEXLOGLQJHQHUJ\VWDQGDUGV 6RODUDFFHVVZKLFKLVRIWHQFORVHO\UHODWHGWR
VRODU HDVHPHQW ODZV H[SUHVVHV WKH ULJKW RI D EXLOGLQJ RZQHU WR UHFHLYH VXQOLJKW DFURVV SURSHUW\ OLQHV
ZLWKRXWREVWUXFWLRQIURPDQRWKHU¶VSURSHUW\6RODUDFFHVVPD\EHXVHGIRUYDULRXVSXUSRVHVDOWKRXJKWKH
SULPDU\ REMHFWLYH LV W\SLFDOO\ WR SURWHFW D EXLOGLQJ RZQHU¶V LQYHVWPHQW LQ D VRODUHQHUJ\ WHFKQRORJ\
SKRWRYROWDLF RU VRODU WKHUPDOZKLFK LVPD[LPL]HGZLWK JUHDWHU DPRXQWV RI UHFHLYHG VXQOLJKW  6RPH
IRUPRIVRODUDFFHVVLQFOXGLQJVRODUHDVHPHQWLVFXUUHQWO\LPSOHPHQWDWDVWDWHRUORFDOOHYHOLQPRVW86
VWDWHVZKLOH&DOLIRUQLDLVRIWHQFLWHGIRUKDYLQJWKHPRVWFRPSUHKHQVLYHVRODUDFFHVVSROLF\NQRZQDVWKH
6RODU6KDGH&RQWURO$FWVHFWLRQVRIWKH&DOLIRUQLD3XEOLF5HVRXUFHV&RGH

7\SLFDOO\ LQ FRQWUDVW WR VRODU DFFHVV SROLFLHV EXLOGLQJ HQHUJ\ FRGHV DQG VWDQGDUGV LQFOXGLQJ HQHUJ\
SHUIRUPDQFH FHUWLILFDWHV LPSOHPHQWHG DW YDULRXV MXULVGLFWLRQDO OHYHOV UHTXLUH RU VXJJHVW WUHHSODQWLQJ
VWUDWHJLHVWRUHGXFHWKHFRROLQJHQHUJ\UHTXLUHPHQWVRIDEXLOGLQJ$OWKRXJKLWPD\EHSRVVLEOHWRGHVLJQ
DWUHHVKDGLQJVWUDWHJ\WKDWFDQVDWLVI\ERWKDQHQHUJ\FRQVHUYDWLRQLQLWLDWLYHZKLOHPD[LPL]LQJVXQOLJKW
RQORFDODQGQHLJKERXULQJURRIWRSVVXFKDVLWXDWLRQUHTXLUHVDGHWDLOHGDQDO\VLVRIWKHORFDOHQYLURQPHQW
DQGIRUP,QIDFWPRVWVLPXODWLRQVWXGLHVRIWUHHVKDGHIRUHQHUJ\FRQVHUYDWLRQDVZHOODVPDQ\RIWKH
PXQLFLSDO VRODU PDSSLQJ LQLWLDWLYHV RPLW RU QHJOHFW WKH GHWDLOHG VSDWLDO UHSUHVHQWDWLRQ RI XUEDQ IRUP
ZKLFK FDQ KDYH SRWHQWLDOO\ QHJDWLYH FRQVHTXHQFHV RQ WKH LQWHQGHG GHVLJQ RXWFRPHV RI YDULRXV HQHUJ\
SROLFLHV

$W WKH VFDOH RI DQ HQWLUH FLW\ LUUDGLDQFH PRGHOV WKDW LQWHJUDWH D VSDWLDOO\ FRQWLJXRXV DQG GHWDLOHG
UHSUHVHQWDWLRQ RI WKH VXUIDFH KHLJKWV SURYLGH FXUUHQW EHVW HVWLPDWHV RI LQFRPLQJ VXQOLJKW DQG VKDGH
1RQHWKHOHVVWKHVHJHRVSDWLDOLUUDGLDQFHPRGHOVDOVRRIWHQVLPSOLI\DOOVXUIDFHIHDWXUHVDVRSDTXHREMHFWV
SURGXFLQJ D  GLPHQVLRQDO GLJLWDO VXUIDFH PRGHO WKDW LV WKHQ XVHG WR FRPSXWH VORSH D]LPXWK DQG
VKDGLQJREVWUXFWLRQV5LFKHWDO.XPDUHWDO$OWKRXJKEXLOGLQJVFDQEHJHQHUDOL]HGDV
VROLGREMHFWVYHJHWDWLRQSUHVHQWVDVHPLWUDQVSDUHQWIHDWXUHLGHDOO\VXLWHGWRDPRUHG\QDPLFDVVHVVPHQW
RI UDGLDWLRQ WUDQVPLVVLRQ LQ UHODWLRQ WR WKH ORFDO VRODU FRRUGLQDWHV DQG VHDVRQDO FKDQJHV LQ YHJHWDWLRQ
VWUXFWXUH  6LQFH WKH/L'$5 UHWXUQV DFW DV D GLUHFWPHDVXUH RI OLJKW DWWHQXDWLRQ WKURXJK WKH IROLDJH LW
SURYLGHV DQ RSWLPDO WRRO IRU DGYDQFLQJ LUUDGLDQFH PRGHOV WR DFFRXQW IRU YHJHWDWLRQ WUDQVPLVVLRQ
)XUWKHUPRUH DQDO\VLV RI/L'$5SRLQW FORXGV LQ IRUHVWV GHPRQVWUDWH LQWHUDFWLRQV EHWZHHQ WKH UDGLDWLYH
SURSHUWLHV DQG SRLQWEDVHG UHSUHVHQWDWLRQV RI WKH YHJHWDWLRQ FDQRS\ /RYHOO HW DO  5LDxR HW DO
5LDxRHWDO&RRSVHWDOHQFRXUDJLQJVLJQLILFDQWSRWHQWLDO IRUDSSOLFDWLRQ WR XUEDQ
VKDGLQJDVVHVVPHQWV

7KHSXUSRVHRIWKLVSDSHUWKHUHIRUHSUHVHQWVWZRSULPDU\DQGUHODWHGREMHFWLYHV7KHILUVWREMHFWLYHLVWR
GHPRQVWUDWHWKHXVHRIDVKDSHEDVHGYHJHWDWLRQWUDQVPLVVLRQHVWLPDWHGHULYHGIURPDLUERUQH/L'$5DQG
LWVDSSOLFDWLRQWRLUUDGLDQFHPRGHOLQJLQDQXUEDQVHWWLQJ,QWKLVILUVWSDUWRIWKHSDSHUDPRGLILHGJDS
SUREDELOLW\DSSURDFKLVSUHVHQWHGWRUHODWHWKHYHUWLFDOGLVWULEXWLRQRIYHJHWDWLRQVWUXFWXUHZLWK UDGLDWLRQ
WUDQVPLVVLRQDQGWKHQFRPSDUHGWR/L'$5KHLJKWDQGFRYHUHVWLPDWHVIRUGHFLGXRXVDQGHYHUJUHHQWUHH
VSHFLHV XQGHU OHDIRQ DQG OHDIRII FRQGLWLRQV  7KH VHFRQG REMHFWLYH LV WR LQWHJUDWH WKH YHJHWDWLRQ
WUDQVPLVVLRQUHVXOWVZLWKDQDVVHVVPHQWRIWUHHVKDGLQJRQEXLOGLQJURRIVDQGZDOOV7KHVHFRQGSDUWRI
WKH SDSHU ZLOO DOVR DGGUHVV WKH VRXUFH RI UDGLDWLRQ DWWHQXDWLRQ FRPSDULQJ SXEOLF ORFDO DQG SULYDWH
 6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD 
 
QHLJKERXULQJVSDFHV 'LVFXVVLRQ LV IRFXVHGRQ WKHDSSOLFDWLRQRI VSDWLDOO\GHWDLOHGPRGHOLQJHIIRUWV WR
KHOSEHWWHULQIRUPDQGGHVLJQORFDOHQHUJ\SROLF\UHODWHGWRWUHHVKDGH

0HWKRGV

6WXG\$UHDDQG'DWD

7KHIRFXVIRUWKLVVWXG\LVDPE\PDUHDZLWKLQDWUHHGUHVLGHQWLDOQHLJKERXUKRRGLQ9DQFRXYHU
&DQDGD 7KLVUHVLGHQWLDODUHDLQFOXGHVDPL[RI WUHHVSHFLHVERWKGHFLGXRXVDQGHYHUJUHHQDWYDULRXV
KHLJKWVXSWRP$LUERUQH/L'$5GDWDZDVDFTXLUHGDWWZRWLPHSHULRGVWKHILUVWDFTXLVLWLRQLQHDUO\
0DUFKXQGHU OHDIRIIFRQGLWLRQVXVLQJD756,0DUN ,,GLVFUHWHUHWXUQVHQVRUSXOVHUDWHN+]
SODWIRUPDOWLWXGHPZDYHOHQJWKQPDQGEHDPGLYHUJHQFHDQJOHRIPUDGDQGWKHVHFRQG
LQ ODWH$XJXVW XQGHU IXOO OHDIRQ FRQGLWLRQV XVLQJ D/HLFD$/6 VHQVRU SXOVH UDWH  N+]
SODWIRUP DOWLWXGH P ZDYHOHQJWK  QP DQG EHDP GLYHUJHQFH DQJOH RI  PUDG  )RU ERWK
GDWDVHWVJURXQGDQGQRQJURXQG/L'$5UHWXUQVZHUHSUHFODVVLILHGE\WKHSURYLGHU$OOWUHHVZLWKLQWKH
VWXG\DUHDZHUHPDQXDOO\GHOLQHDWHGDQGFODVVLILHGDVHLWKHUHYHUJUHHQRUGHFLGXRXVXVLQJDHULDOLPDJHU\
LQDGGLWLRQWRDPJULGGHGOD\HURIWKHILUVWUHWXUQ/L'$5KLWV2QO\WKRVHFHOOVLGHQWLILHGDVWUHHVLQ
ERWKWKHOHDIRIIDQGOHDIRQGDWDVHWVZHUHVHOHFWHGIRUWKHDQDO\VLV)LJXUH$GGLWLRQDOVSDWLDOGDWDVHWV
LQFOXGHORWSDUFHOVDQGEXLOGLQJIRRWSULQWVERWKSURYLGHGE\WKH&LW\RI9DQFRXYHU



)LJXUH7KUHHGLPHQVLRQDOUHSUHVHQWDWLRQ/L'$5UHWXUQVIRUOHDIRIIDQGOHDIRQGDWDVHWVZLWKLQWKH
VWXG\DUHDZLWKLGHQWLILHGGHFLGXRXVUHGVDQGHYHUJUHHQJUHHQVWUHHW\SHV


6KDSH%DVHG7UDQVPLVVLRQ3URILOH

,Q IRUHVWU\ DSSOLFDWLRQV /L'$5 GDWD SRLQW FORXGV KDYH EHHQ XVHG WR GHWHUPLQH YHJHWDWLRQ VWUXFWXUDO
LQIRUPDWLRQ/RYHOOHWDO5LDxRHWDO5LDxRHWDO&RRSVHWDODQGPHWULFV
KDYHEHHQGHYHORSHGEDVHGRQ WKUHHRYHUDOOFULWHULD KHLJKWEDVHGPHWULFV VXFKDV WKH FRHIILFLHQWRI
 6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD 
 
YDULDWLRQIRU/L'$5UHWXUQVPHWULFVRIWKHIUDFWLRQRIJURXQGUHWXUQVZKLFKSURYLGHVDQLQGLFDWLRQRI
FRYHUDQGVKDSHEDVHGPHWULFVZKLFKPRGHOWKHRYHUDOOYHUWLFDOSURILOHRIWKHFURZQ,QWKHIROORZLQJ
VHFWLRQ DOO WKUHH FULWHULD DUH FRPSDUHG IRU ERWK/L'$5GDWDVHWV FDSWXULQJ WKH VDPH DUHD :KLOH ERWK
KHLJKWDQGFRYHUEDVHGPHWULFVDUHZHOOHVWDEOLVKHGOHVVUHVHDUFKKDVWDNHQSODFHRQFXUYHILWWLQJEDVHG
DSSURDFKHVHVSHFLDOO\LQXUEDQHQYLURQPHQWV

6KDSHEDVHG PHWULFV RI YHJHWDWLRQ VWUXFWXUH DUH RI SDUWLFXODU LQWHUHVW ZKHQ H[DPLQLQJ UDGLDWLRQ
WUDQVPLWWDQFHVLQFH WKH\HQDEOH DVVHVVPHQWRI WKHG\QDPLF LQWHUDFWLRQEHWZHHQ UDGLDWLRQ WUHH VWUXFWXUH
DQG FKDQJLQJ VXQ DQJOHV  2QH ZHOOGHYHORSHG DSSURDFK WR WUDQVPLVVLRQ FXUYHILWWLQJ LQYROYHV WKH
GHULYDWLRQRIJDSSUREDELOLW\PRGHOVZKLFKGHWHUPLQHFDQRS\VWUXFWXUHE\FRUUHODWLQJWKHDWWHQXDWLRQRI
WKH UHWXUQHG ODVHU SXOVHV ZLWK WKH GHQVLW\ VL]H DQG GLVWULEXWLRQ RI IROLDJH DQG ZRRG\ HOHPHQWV 1L
0HLVWHU HW DO  SURGXFLQJ D FXPXODWLYH YHUWLFDOO\ SURMHFWHG SURILOH RI WKH IROLDJH IRU DQ HQWLUH
FDQRS\

7KH DSSURDFK GHVFULEHG LQ WKLV VWXG\ XVHV D PRGLILHG YHUVLRQ RI WKLV JDS SUREDELOLW\ DSSURDFK ZLWK
GHPRQVWUDWHGJRRGILWIRUYDULRXVWUHHVLQDQXUEDQVHWWLQJ506(7RRNHHWDO$EULHI
VXPPDU\RIWKHWHFKQLTXHLVSURYLGHGEHORZ7KHILUVWVWHSFDOFXODWHVDYHJHWDWLRQH[WLQFWLRQFRHIILFLHQW
9HFDVWKHLQYHUVHRIWKHSURSRUWLRQRI/L'$5UHWXUQVDWGHILQHGKHLJKWLQWHUYDOVE\

𝑉௘௖ = 1 −
∑ #௭಼ೡ೔,ೕ೔,ೕ
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
ZKHUH.YLVDVXEVHWRIFHOOVSUHYLRXVO\LGHQWLILHGDVYHJHWDWLRQ]LVWKHQXPEHURI/L'$5UHWXUQVDWD
KHLJKW ] DERYH WKH JURXQG DQG1 LV WKH WRWDO QXPEHU RI DERYHJURXQG /L'$5 KLWV  7R FKDUDFWHUL]H
YHJHWDWLRQVWUXFWXUHIRUDZLGH UDQJHRI WUHH VSHFLHV WKH VHFRQGVWHS WKHQILWVD WZRSDUDPHWHU:HLEXOO
SUREDELOLW\GHQVLW\IXQFWLRQ:SGIWRWKHH[WLQFWLRQSURILOHDV

𝑊௣ௗ௙ =
ఉ
ఈ
∙ (௭
ఈ
)ఉିଵ ∙ exp  (− ௭
௔
)  ఉ        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

ZKHUH Į LV D YHUWLFDO VFDOLQJ SDUDPHWHU DQG ȕ LV D VKDSH SDUDPHWHU WKDW DOWHUV WKH EUHDGWK RI WKH
GLVWULEXWLRQ )RU HDFK FHOO LQ WKH P JULGGHG YHJHWDWLRQ FODVVLILFDWLRQ OD\HU WKH WUDQVPLVVLYLW\ SURILOH
:SGILVFDOFXODWHGEDVHGRQWKHQRQJURXQG/L'$5UHWXUQVZLWKLQDE\FHOOQHLJKERXUKRRGZLQGRZ
$VDUHVXOWĮDQGȕSDUDPHWHUVDUHGHULYHGIRUHDFKFHOOZKLFKDUHLQWHQGHGWRLQWHJUDWHZLWKHVWDEOLVKHG
JHRVSDWLDOLUUDGLDQFHPRGHOVWRDFFRXQWIRUYHJHWDWLRQWUDQVPLVVLRQZLWKYDU\LQJORFDOVRODUFRRUGLQDWHV

,QWHJUDWLRQZLWK6SDWLDO,UUDGLDQFH0RGHOV

6SDWLDOO\H[SOLFLWPRGHOVRI LUUDGLDQFHKDYHEHHQGHYHORSHGRYHUVHYHUDOGHFDGHV*XH\PDUG	0\HUV
ZLWKPRUHUHFHQWDSSOLFDWLRQVWRXUEDQHQYLURQPHQWVHPHUJLQJDORQJVLGHDGYDQFHVWRFRQWLJXRXV
VSDWLDO UHSUHVHQWDWLRQV RI VXUIDFH KHLJKWV VXFK DV /L'$5  7KH YDULRXV SURFHVVHV LQYROYHG LQ VRODU
PRGHOLQJKDYHEHHQZHOOGHVFULEHGLQWKHOLWHUDWXUH*XH\PDUG	0H\HUV+RILHUND	6XUL
DQG FDQ EH VHSDUDWHG LQWR WKUHH EDVLF FRPSRQHQWV VRODU JHRPHWU\ DWPRVSKHULF HIIHFWV DQG VXUIDFH
HIIHFWV2IWKHVHWKUHHFRPSRQHQWVVXUIDFHHIIHFWVDUHRISDUWLFXODULQWHUHVWLQDQXUEDQHQYLURQPHQWGXH
WRLWVKHWHURJHQHRXVWKUHHGLPHQVLRQDO'IRUP

6XUIDFHHIIHFWVWUDGLWLRQDOO\LQFOXGHREVWUXFWLRQVIURPQHDUE\IHDWXUHVWKDWRFFOXGHVRODUDQJOHVDERYHWKH
KRUL]RQ  +RZHYHU DGGLWLRQDO VXUIDFH HIIHFWV FDQ DOVR LQFOXGH WKH UHIOHFWDQFH DV ZHOO DV WKH SDUWLDO
DWWHQXDWLRQ RI UDGLDWLRQ WKURXJK VHPLWUDQVSDUHQW IHDWXUHV VXFK DV YHJHWDWLRQ  ,Q WKH FDVH RI EDVLF
REVWUXFWLRQV LUUDGLDQFHPRGHOVDSSO\DKHPLVSKHULFDOYLHZVKHGDOJRULWKP5LFKHWDO LQZKLFK
WKHPD[LPXPDQJOHRIREVWUXFWLQJIHDWXUHVDUHDVVHVVHGIURPDGLJLWDOVXUIDFHPRGHOIRUDVHWRIUDGLDOO\
 6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD 
 
SURMHFWHGYHFWRUVEHWZHHQDQG° $VWKHVXQPRYHVDFURVVWKHVN\WKHORFDOVRODUFRRUGLQDWHVDUH
WKHQFRPSDUHGWRWKHQHDUHVWREVWUXFWLRQWRGHWHUPLQHZKHWKHUWKHVXUIDFHLVVKDGHG)RUFRPSXWDWLRQDO
HIILFLHQF\ DQG LQWHJUDWLRQ ZLWK LQSXW VXUIDFH PRGHOV VSDWLDO DSSURDFKHV W\SLFDOO\ XVH DQ DUUD\EDVHG
VWUXFWXUHDQGFRPSXWHLUUDGLDQFHIRUHDFKFHOO,WLVZLWKLQWKLVPRGHOLQJFRQWH[WWKDWWKHLQWHJUDWLRQRID
JDSSUREDELOLW\WUDQVPLVVLRQSURILOHLVGLVFXVVHG

8VLQJ WKH EDVLF DSSURDFK RI SURMHFWLQJ YHFWRUV EHWZHHQ WKH VXUIDFH FHOO DQG QHDUE\ REVWUXFWLRQV WKH
WUDQVPLVVLRQSURILOHRIWUHHVLVLQWHJUDWHGLQWRWKHPRGHOXVLQJWKHĮDQGȕSDUDPHWHUVGLVFXVVHGLQVHFWLRQ
,QWKLVFDVHWUHHVPXVWEHGLIIHUHQWLDWHGIURPVROLGIHDWXUHVLQWKHLQSXWGLJLWDOVXUIDFHPRGHO7KHQ
IRU D JLYHQ ORFDO VRODU FRRUGLQDWH VRODU D]LPXWK DQG HOHYDWLRQ WKH H[WLQFWLRQFRHIILFLHQW LV FRPSXWHG
IURPHTXDWLRQXVLQJĮDQGȕDQG]UHSUHVHQWLQJWKHKHLJKWRIWKHVXQDWWKHLQWHUVHFWLQJFHOO$WHDFK
VRODUFRRUGLQDWHGXULQJWKHPRGHOLWHUDWLRQVWKHWRWDOH[WLQFWLRQLVFRPSXWHGDVWKHSURGXFWRIDOOWUHHFHOO
H[WLQFWLRQYDOXHVDWWKRVHDQJOHVJUHDWHUWKDQWKHVROLGREVWUXFWLRQV

3ODFH%DVHG$VVHVVPHQWRI9HJHWDWLRQ$WWHQXDWLRQ

$VDQH[DPSOHRIWKHDSSOLFDWLRQRIWKHDERYHDSSURDFKWRDQDQDO\VLVRIHQHUJ\SROLF\ZHFRPSXWHWKH
UDGLDWLRQDWWHQXDWLRQWKURXJKWKHWUHHFDQRS\RIWKHVWXG\DUHDRYHUDQHQWLUH\HDU7KHPRGHO UXQVDUH
H[HFXWHG DW KRXUO\ LQWHUYDOV IRU WKH WK GD\ RI HDFKPRQWK DQG VHSDUDWHG LQWR DWWHQXDWLRQ RQ EXLOGLQJ
ZDOOV DQG EXLOGLQJ URRIV  8VLQJ SDUFHO GDWD IRU WKH &LW\ RI 9DQFRXYHU WKH YHJHWDWLRQ DWWHQXDWLRQ
DVVRFLDWHGZLWKERWKURRIVDQGZDOOVLV WKHQ IXUWKHUDVVHVVHGWRGHWHUPLQHWKHVRXUFHRIWKHDWWHQXDWLRQ
$WWHQXDWLRQ VRXUFHV DUH GLYLGHG LQWR WKUHH EDVLF SODFH W\SHV HDFK ZLWK LPSRUWDQW SROLF\ GHVLJQ
LPSOLFDWLRQV $WWHQXDWLRQRQ WKH ORWRQZKLFK DJLYHQEXLOGLQJ LV VLWXDWHG LV WKH ILUVW W\SH UHIHUUHG WR
KHUHDIWHUDVORFDO1H[WSULYDWHUHIHUVWRWKHDWWHQXDWLRQDVVRFLDWHGZLWKSULYDWHSDUFHOVH[FOXGLQJWKRVH
WUHHV RQ WKH EXLOGLQJ ORW LWVHOI  )LQDOO\ SXEOLF UHIHUV WR WKH UDGLDWLRQ DWWHQXDWLRQ IURP WUHHV RQ SXEOLF
VSDFHQRWDEO\VWUHHWWUHHV

5HVXOWV

7KHPDQXDOFODVVLILFDWLRQRI WUHH W\SHVZLWKLQ WKHVWXG\DUHD LGHQWLILHG WKH WRWDOSODQDUHDRIGHFLGXRXV
WUHHVȜGHFLGXRXV7DWDQGHYHUJUHHQWUHHVȜHYHUJUHHQ7DWRIWKHVWXG\DUHD)LJXUHVKRZVWKH
GLIIHUHQFH LQ WKH FRHIILFLHQW RI YDULDWLRQ RI /L'$5 UHWXUQV DQG IUDFWLRQ RI JURXQG UHWXUQV 7KHPHDQ
FRHIILFLHQWRIYDULDWLRQIRUERWK OHDIRQDQG OHDIRIIGDWDVHWV LVDSSUR[LPDWHO\HTXDOLUUHVSHFWLYHRIWUHH
W\SH DOWKRXJK WKH YDULDQFH LV VOLJKWO\ UHGXFHG LQ WKH OHDIRQ GDWDVHW  7KH IUDFWLRQ RI JURXQGUHWXUQV
SURYLGHVDVXUURJDWHIRUFRYHUDQGDVH[SHFWHGLVKLJKHULQWKHOHDIRIIGDWDVHWDSSUR[LPDWHO\WKDQ
WKHOHDIRQGDWDVHWDSSUR[LPDWHO\ZLWKFRYHUVOLJKWO\KLJKHUIRUHYHUJUHHQWUHHW\SHV


 6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD 
 
)LJXUH&RPSDULVRQRIPHDQDQGVWDQGDUGGHYLDWLRQIRUDFRHIILFLHQWRIYDULDWLRQDQGEJURXQGUHWXUQVEHWZHHQ
WKHOHDIRIIDQGOHDIRQ/L'$5GDWDVHWV
7KHUHVXOWVRIWKHVKDSHEDVHGVWUXFWXUDODVVHVVPHQWRIWUDQVPLVVLRQDUHVKRZQLQ7DEOHDQG)LJXUH
DQGKLJKOLJKWWKHGLIIHUHQFHVLQWKHYHUWLFDOGLVWULEXWLRQRIYHJHWDWLRQVWUXFWXUHEHWZHHQGDWDVHWVDQGWUHH
W\SHV  ,Q OHDIRII FRQGLWLRQV GHFLGXRXV WUHHV SURGXFH D YHUWLFDO SURILOHZLWK DPXFK QDUURZHU EUHDGWK
FRPSDUHG WR OHDIRQ FRQGLWLRQV ZKLOH WKH VKDSH RI WKH HYHUJUHHQ GLVWULEXWLRQ UHPDLQV UHODWLYHO\
XQFKDQJHG$GGLWLRQDOO\WKHDERYHJURXQGKHLJKWVRIWKH/L'$5UHWXUQVDUHFRQFHQWUDWHGKLJKHUXQGHU
OHDIRQ FRQGLWLRQV HVSHFLDOO\ IRU GHFLGXRXV WUHH W\SHV  $129$ UHVXOWV LQGLFDWH WKDW WKH GLIIHUHQFHV
EHWZHHQ ERWK GHFLGXRXV DQG HYHUJUHHQ WUHHV XQGHU OHDIRQ DQG OHDIRII FRQGLWLRQV DUH VLJQLILFDQW S
IRUDOOH[DPLQHGPHWULFV

7DEOH&RPSDULVRQRI:HLEXOOSDUDPHWHUVE\WUHHW\SHIRUOHDIRIIDQGOHDIRQ/L'$5GDWDVHWV



/HDI2II /HDI2Q
'HFLGXRXV (YHUJUHHQ 'HFLGXRXV (YHUJUHHQ
ĮPHDQ    
ĮVWG    
ĮPHGLDQ    
ȕPHDQ    
ȕVWG    
ȕPHGLDQ    


)LJXUH9HUWLFDOWUDQVPLVVLYLW\SURILOHRIUHSUHVHQWDWLYHGHFLGXRXVDQGHYHUJUHHQWUHHW\SHVIRUDOHDIRIIDQGE
OHDIRII/L'$5GDWDVHWV

7KHPRGLILHGJDSSUREDELOLW\DSSURDFKZDVLQWHJUDWHGZLWKDQLUUDGLDWLRQPRGHOWRDVVHVVWKHDWWHQXDWLRQ
RI UDGLDWLRQ WKURXJK WKH WUHHV LQ WKH VWXG\ DUHD  5HVXOWV IURP WKLV SURFHGXUH DUH VKRZQ LQ ILJXUH 
([DPLQLQJ WKH VRXUFH RI DWWHQXDWLRQ IRU EXLOGLQJ ZDOOV LQGLFDWHV WKDW WKH PDMRULW\ RI DWWHQXDWLRQ LV
DVVRFLDWHGZLWKWUHHVRQSXEOLFVSDFH $VLPLODUWUHQGLVREVHUYHGIRUEXLOGLQJURRIVKRZHYHUWKHVSOLW
EHWZHHQSXEOLFDQGSULYDWHZDVFORVHUDFURVVWKH\HDU ,QWHUHVWLQJO\LQERWKFDVHVWKHORFDODWWHQXDWLRQ
IURPWUHHVLVJHQHUDOO\OHVVWKDQ7KHYDULDQFHRIWKHIUDFWLRQRIDWWHQXDWLRQE\SODFHW\SHVLVDOVR
ZRUWKH[DPLQLQJ )RUEXLOGLQJZDOOVYDULDQFH LVJUHDWHVW IRUSXEOLF VSDFHDOWKRXJKDOOSODFHV VKRZD
KLJKVWDQGDUGGHYLDWLRQJHQHUDOO\JUHDWHUWKDQ,QFRQWUDVWWKHYDULDQFHRIHDFKSODFHW\SHLVPXFK
UHGXFHGZKHQORRNLQJDWEXLOGLQJURRIVJHQHUDOO\OHVVWKDQ

 6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD 
 

)LJXUH5DGLDWLRQDWWHQXDWLRQGRWRWUHHVIRUEXLOGLQJZDOOVDQGURRIVVHSDUDWHGLQWRWKHVRXUFHVSDFHRI
DWWHQXDWLRQ

'LVFXVVLRQ

5HVXOWV IURP WKH ILUVW SDUWRI WKH VWXG\ FRPSDULQJEDVLF/L'$5EDVHG VWUXFWXUDOPHWULFVRIYHJHWDWLRQ
DWWHQXDWLRQ VXJJHVW WKDW VWDWLVWLFDOO\ VLJQLILFDQWGLIIHUHQFHV H[LVWEHWZHHQ/L'$5GHULYHGPHDVXUHV IRU
GHFLGXRXVDQGHYHUJUHHQWUHHVDQGEHWZHHQOHDIRIIDQGOHDIRQFRQGLWLRQV+RZHYHUWKHG\QDPLFQDWXUH
RI YHJHWDWLRQ WUDQVPLVVLYLW\ ERWK LQ WLPH DQG VSDFH UHPDLQV EHVW VXLWHG WR VKDSHEDVHG PHWULFV IRU
LQWHJUDWLRQ ZLWK FRPPRQ JHRVSDWLDO LUUDGLDQFH PRGHOV  $ WHFKQLFDO GLVFXVVLRQ RI WKH PRGLILHG JDS
SUREDELOLW\DSSURDFKFDQEHIRXQGLQ7RRNHHWDO  7KHUHPDLQGHURI WKLVVHFWLRQZLOO WKHUHIRUH
IRFXVRQWKHDSSOLFDWLRQVDQGLPSOLFDWLRQVRIWUHHVKDGLQJDQGLUUDGLDQFHPRGHOLQJIRUHQHUJ\SROLF\

9HJHWDWLRQ LQ WKHDUHDRI VWXG\ LQFOXGHG ODUJHHVWDEOLVKHG WUHHVDQGDVD UHVXOWPD\QRWEHVWDWLVWLFDOO\
UHSUHVHQWDWLYH RI WKH HQWLUH&LW\ RI9DQFRXYHU 1RQHWKHOHVV WKH VWXG\ DUHD GRHV UHSUHVHQW D FRPPRQ
UHVLGHQWLDO QHLJKERXUKRRG IRUP DQG WUHH FRYHU SDWWHUQ IRXQG LQ PDQ\ 1RUWK $PHULFDQ FLWLHV  ,Q WKH
LQWURGXFWLRQRIWKLVVWXG\DGHVFULSWLRQZDVSURYLGHGH[SODLQLQJWZRSRWHQWLDOO\FRPSHWLQJEXLOGLQJDQG
ODQGVFDSHUHODWHGHQHUJ\SROLFLHV,QWKHFRQWH[WRIRXUVWXG\DUHDWKHILUVWLPSRUWDQWSROLF\PHVVDJHWR
WDNH DZD\ IURP WKLV DQDO\VLV LV WKH UHODWLYHO\ OLWWOH LQIOXHQFH D SURSHUW\ RZQHU KDV LQ FRQWUROOLQJ
VKDGHLUUDGLDQFH WKURXJK YHJHWDWLRQ PDQDJHPHQW RQ WKHLU SURSHUW\  ,Q WKH FDVH RI EXLOGLQJ ZDOOV
DOWKRXJK WKHUH H[LVWHG VXEVWDQWLDO YDULDQFH LQ WKH DWWHQXDWLRQ VRXUFHV IURP EXLOGLQJ WR EXLOGLQJ WKH
JHQHUDOWUHQGLQGLFDWHVWKDWWKHPXQLFLSDOPDQDJHPHQWRIVWUHHWWUHHVZRXOGKDYHDJUHDWHULPSDFWRQERWK
HQHUJ\FRQVHUYDWLRQRSSRUWXQLWLHVDQGWKHSRWHQWLDOJHQHUDWLRQRIHQHUJ\IURPURRIWRSVRODUWHFKQRORJLHV

,Q WHUPV RI EXLOGLQJ FRGHV DQG VWDQGDUGV WKH DIRUHPHQWLRQHG ILQGLQJV GHPRQVWUDWH WKH SRWHQWLDO
LQHIILFLHQF\ RI ORFDO VKDGLQJ UHFRPPHQGDWLRQV LQ WKH FRQWH[W RI D EXLOGLQJ¶V EURDGHU HQYLURQPHQWDO
FRQGLWLRQV  6RODU DFFHVV SROLF\ RQ WKH RWKHU KDQG UHPDLQV LPSRUWDQW IRU FRQVLGHUDWLRQ DOWKRXJK
HDVHPHQWV PD\ DOVR UHTXLUH DFNQRZOHGJHPHQW RI SXEOLFDOO\ RZQHG DQG RSHUDWHG DPHQLWLHV LH VWUHHW
WUHHV$WWKHVDPHWLPHVWUHHWWUHHVPD\EHSURYLGLQJDYDOXDEOHVKDGLQJVHUYLFHZLWKGLUHFWLPSOLFDWLRQV
 6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD 
 
IRUEXLOGLQJFRROLQJ UHTXLUHPHQWV DQG WKHRYHUDOO HQHUJ\ ODQGVFDSHRI D FLW\  ,Q UHVSRQVH WKLQQLQJRU
FXWWLQJLQLWLDWLYHVDUHOLNHO\WRKDYHQRWLFHDEOHFRQVHTXHQFHVRQWKHHQHUJ\EDODQFHRIEXLOGLQJV

5HVXOWVRIWUHHVKDGHVLPXODWLRQVWXGLHVRIWHQQHJOHFWWKHHQYLURQPHQWDOFRQGLWLRQVRXWVLGHWKHLPPHGLDWH
YLFLQLW\ RI D EXLOGLQJ 3DQGLW 	 /DEDQG   $V D UHVXOW WUHH VKDGH SROLF\ GHFLVLRQV IRU HQHUJ\
PDQDJHPHQWVKRXOGEHPDGHDZDUHRIWKHJHQHUDOL]DWLRQVWKDWPD\UHVXOWLQLQHIIHFWLYHRXWFRPHV 7KH
DSSURDFK SUHVHQWHG LQ WKLV SDSHU SURYLGHV D ORFDWLRQ VSHFLILF PHWKRGRORJ\ WKDW FDQ EH XVHG WR EHWWHU
LQIRUPVXFKSROLF\GHFLVLRQV :KLOH WKHDQDO\VLVKHUH IRFXVHGRQD WUHHGUHVLGHQWLDOQHLJKERXUKRRGD
VLPLODUDSSURDFKLVUHFRPPHQGHGIRUGLIIHUHQWSDWWHUQVRIIRUPDQGWUHHFRYHUWRH[SDQGWKHGLVFXVVLRQRI
SROLF\ LPSOLFDWLRQV 7KLV VWXG\ DOVR KHOSV WR KLJKOLJKW WKH SRWHQWLDO LQVLJKW DGYDQFHG VSDWLDO GDWD DQG
WHFKQRORJ\ FDQ SURYLGH SROLF\ DQG GHFLVLRQPDNLQJ SURFHVVHV ZKLFK PD\ EHPRUH GLIILFXOW WR DVVHVV
XVLQJFRQWH[WXQVSHFLILFVLPXODWLRQV

&RQFOXVLRQ

,Q WKLV SDSHU ZH SUHVHQW DQ DSSURDFK WR LQWHJUDWLQJ WKH G\QDPLF QDWXUH RI YHJHWDWLRQ UDGLDWLRQ
WUDQVPLVVLRQLQWRFXUUHQWJHRVSDWLDOLUUDGLDQFHPRGHOVDQGWKHQDSSO\WKLVDSSURDFKZLWKDGLVFXVVLRQRI
WUHHVKDGLQJSROLF\ 2XUUHVXOWVKHOSWRKLJKOLJKW WKHSRWHQWLDOO\FRQWUDVWLQJQDWXUHRIVKDGLQJSROLFLHV
ZKLOH SURSRVLQJ WKH XVH RI DGYDQFHG VSDWLDO GDWD VXFK DV /L'$5 WR KHOS EHWWHU LQIRUP IXWXUH ORFDO
HQHUJ\SROLF\GHVLJQ7KHPRGLILHGJDSSUREDELOLW\DSSURDFKLVZHOOVXLWHGIRULQWHJUDWLRQZLWKH[LVWLQJ
LUUDGLDQFHPRGHOLQJDQGDVDUHVXOWFDQEHUHDGLO\DSSOLHGLQDSODQQLQJRUSROLF\FRQWH[W,QRXUDQDO\VLV
RIDWUHHGUHVLGHQWLDOQHLJKERUKRRGZHGHPRQVWUDWHWKDWWKHVRXUFHRIPRVWUDGLDWLRQDWWHQXDWLRQFRPHV
IURP WUHHV ORFDWHG RQ SXEOLF RU SULYDWH ORWV  7KH FRQVHTXHQFHV RI WKHVH UHVXOWV KDYH LPSRUWDQW
LPSOLFDWLRQVZKHQLQIRUPLQJHQHUJ\SROLF\:HVXJJHVWWKDWVRODUDFFHVVDQGEXLOGLQJHQHUJ\VWDQGDUGV
DUHWZRSROLFLHVUHTXLULQJFRQVLGHUDWLRQRIWKHEURDGHUVKDGLQJFRQWH[WDQGFDQEHEHWWHULQIRUPHGXVLQJ
/L'$5EDVHGDVVHVVPHQWVRIVKDGHVXFKDVWKDWSUHVHQWHGKHUH


5HIHUHQFHV

$NEDUL+6KDGHWUHHVUHGXFHEXLOGLQJHQHUJ\XVHDQG&2HPLVVLRQVIURPSRZHUSODQWV
(QYLURQPHQWDO3ROOXWLRQ

&RRSV1+LONHU7:XOGHU06W2QJH%1HZQKDP*6LJJLQV$7URI\PRZ- 
 (VWLPDWLQJ FDQRS\ VWUXFWXUH RI 'RXJODVILU IRUHVW VWDQGV IURP GLVFUHWHUHWXUQ /L'$5 7UHHV
 6WUXFWXUHDQG)XQFWLRQ± 

*XH\PDUG & 0\HUV /  6RODU UDGLDWLRQ PHDVXUHPHQW SURJUHVV LQ UDGLRPHWU\ IRU LPSURYHG
 PRGHOLQJ,Q%DGHVFX9(G0RGHOLQJVRODUUDGLDWLRQDWWKHHDUWKVXUIDFH+HLGHOEHUJ6SULQJ
 9HUODJ%HUOLQ+HLGHOEHUJ

+XDQJ<$NEDUL+7DKD+5RVHQIHOG$7KHSRWHQWLDORIYHJHWDWLRQLQUHGXFLQJ
VXPPHUFRROLQJORDGVLQUHVLGHQWLDOEXLOGLQJV-RXUQDORI$SSOLHG0HWHRURORJ\±

.XPDU/6NLGPRUH$	.QRZOHV(0RGHOOLQJWRSRJUDSKLFYDULDWLRQLQVRODUUDGLDWLRQLQD
*,6HQYLURQPHQW,QWHUQDWLRQDO-RXUQDORI*HRJUDSKLFDO,QIRUPDWLRQ6FLHQFH

/DEDQG'6RSKRFOHXV-$QH[SHULPHQWDODQDO\VLVRIWKHLPSDFWRIWUHHVKDGHRQ
HOHFWULFLW\FRQVXPSWLRQ$UERULFXOWXUHDQG8UEDQ)RUHVWU\±

/RYHOO--XSS'&XOYHQRU'&RRSV18VLQJDLUERUQHDQGJURXQGEDVHGUDQJLQJOLGDU
 6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD 
 
WRPHDVXUHFDQRS\VWUXFWXUHLQ$XVWUDOLDQIRUHVWV&DQDGLDQ-RXUQDORI5HPRWH6HQVLQJ


1L0HLVWHU:-XSS''XED\DK50RGHOOLQJOLGDUZDYHIRUPVLQKHWHURJHQHRXVDQG
GLVFUHWHFDQRSLHV,(((7UDQVDFWLRQVRQ*HRVFLHQFHDQG5HPRWH6HQVLQJ

2NH 7  7KH HQHUJHWLF EDVLV RI WKH XUEDQ KHDW LVODQG 4XDUWHUO\ -RXUQDO RI WKH 5R\DO
 0HWHRURORJLFDO6RFLHW\

3DQGLW5/DEDQG'(QHUJ\6DYLQJIURP7UHHVKDGH(FRORJLFDO(FRQRPLFV

5LDxR'&KXYLHFR(&RQGpV6*RQ]iOH]0DWHVDQ]-	8VWLQ6*HQHUDWLRQRIFURZQ
EXONGHQVLW\IRU3LQXVV\OYHVWULV/IURPOLGDU5HPRWH6HQVLQJRI(QYLURQPHQW

5LDxR'0HLHU($OOJ|ZHU%&KXYLHFR(	8VWLQ60RGHOLQJDLUERUQHODVHUVFDQQLQJ
GDWDIRUWKHVSDWLDOJHQHUDWLRQRIFULWLFDOIRUHVWSDUDPHWHUVLQILUHEHKDYLRUPRGHOLQJ5HPRWH
6HQVLQJRI(QYLURQPHQW±

5LFK3'XED\DK5+HWULFN:	6DYLQJ68VLQJYLHZVKHGPRGHOVWRFDOFXODWHLQWHUFHSWHG
VRODU UDGLDWLRQ DSSOLFDWLRQV LQ HFRORJ\ $PHULFDQ 6RFLHW\ IRU 3KRWRJUDPPHWU\ DQG 5HPRWH
 6HQVLQJ7HFKQLFDO3DSHUV

6LPSVRQ-0F3KHUVRQ(3RWHQWLDORIWUHHVKDGHIRUUHGXFLQJUHVLGHQWLDOHQHUJ\XVHLQ
&DOLIRUQLD-RXUQDORI$UERULFXOWXUH±

7RRNH7&RRSV1&KULVWHQ$*XUWXQD23UHYRW$,QWHJUDWHGLUUDGLDQFHPRGHOOLQJLQ
WKH XUEDQ HQYLURQPHQW EDVHG RQ UHPRWHO\ VHQVHG GDWD  6RODU (QHUJ\ DYDLODEOH RQOLQH DW
KWWSG[GRLRUJMVROHQHU
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 1 
Mapping vegetation structure in a wooded savanna at Freeman Ranch, 
TX using airborne waveform lidar 
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Abstract 

6PDOOIRRWSULQWIXOOZDYHIRUPOLGDUFDQSURYLGHDXQLTXHDELOLW\WRFKDUDFWHUL]HWKHODQGVFDSH
7KHUHWXUQHGODVHUZDYHIRUPVLQGLFDWHVSHFLILFUHIOHFWRUVZLWKLQWKHIRRWSULQWYHUWLFDOVWUXFWXUH
ZKLOHWKHVKDSHRIWKHUHWXUQLVLQIOXHQFHGE\WKHVXUIDFHUHIOHFWDQFHDQGSK\VLFDOWRSRJUDSK\
5HFRUGLQJ WKH HQWLUH UHIOHFWHG ZDYHIRUP SURYLGHV D GHWDLOHG DQDO\VLV RI GLVWULEXWHG
WDUJHWVIHDWXUHV DORQJ WKH ODVHU OLQH RI VLJKW 5HFRUGLQJ RI WKH IXOOZDYHIRUP LV HVSHFLDOO\
HIIHFWLYH LQYHJHWDWLYHUHJLRQVZLWKUHVSHFWWRFDQRS\VWUXFWXUHFKDUDFWHUL]DWLRQ7KH)UHHPDQ
5DQFK ORFDWHGQHDU6DQ0DUFRV7H[DV DQGRSHUDWHGE\7H[DV6WDWH8QLYHUVLW\ LV D UHVHDUFK
DUHDDFUHVLQVL]HDQGLVDPL[WXUHRIUDQJHODQGDQGZRRGODQGV7KH)UHHPDQ5DQFK
¶1:OLHVZLWKLQWKH%DOFRQHV&DQ\RQODQGVXEUHJLRQRIWKH(GZDUGV3ODWHDXDQGWKLV
UHJLRQ LVXQGHUJRLQJVXFFHVVLRQDOFKDQJH IURPJUDVVODQG WR2DN Quercus virginiana-XQLSHU
Juniperus asheiGRPLQDWHGZRRGODQGV7KHQRQKRPRJHQHRXVODQGFRYHURI)UHHPDQ5DQFKD
PL[WXUH RI UDQJHODQG DQG ZRRGODQG SURYLGHV DQ LQYDOXDEOH UHVRXUFH IRU HFRV\VWHP
LQYHVWLJDWLRQVDQGRIIHUVDQRSSRUWXQLW\WRGLVFULPLQDWHYDULRXVW\SHVRIELRPHVDQGYHJHWDWLYH
VSHFLHVEDVHGRQWKHLUFKDUDFWHULVWLFUHVSRQVHWRIXOOZDYHIRUPOLGDU)XOOZDYHIRUPGDWDZHUH
FROOHFWHGRYHU)UHHPDQ5DQFKLQ2FWREHUDQGSDUDPHWHUVVXFKDVDPSOLWXGHSXOVHZLGWK
LQWHJUDWHG FDQRS\ HQHUJ\ DQG ULVH WLPH ZHUH FRPSXWHG IRU HDFK ZDYHIRUP 7KH SDUDPHWHUV
GHULYHGIURPHDFKOLGDUZDYHIRUPZHUHUHIHUHQFHGWRDUHJXODUJULGXVLQJVLPSOHDYHUDJLQJIRU
HDFKPJULGFHOO7KXVLQGLYLGXDOGDWDOD\HUVZHUHGHYHORSHGIRUWKHDPSOLWXGHRIHDFKSHDN
FRPSRQHQW WKH SXOVH ZLGWK RI HDFK SHDN FRPSRQHQW FDQRS\ HQHUJ\ ULVH WLPH YHUWLFDO
GLVWULEXWLRQUDWLRDQGYHJHWDWLRQKHLJKW7KHVHSDUDPHWHUVZHUHIRXQGWRGLVFULPLQDWHGLIIHUHQW
YHJHWDWLRQ PRUSKRORJLHV ZLWKLQ WKH ZRRGHG VDYDQQD WKDW DUH QRW GLVFHUQLEOH XVLQJ SDVVLYH
RSWLFDOUHPRWHVHQVLQJGDWDLH4XLFNELUG.QRZOHGJHRIYHJHWDWLRQVWUXFWXUHVXFKDVFDQRS\
FRYHU YHUWLFDO HQHUJ\ GLVWULEXWLRQ ODQGFRYHU W\SH DQG XQGHUO\LQJ WRSRJUDSK\ LPSURYH WKH
VXFFHVVRIHFRV\VWHPDSSOLFDWLRQVDQGPRGHOLQJ


1. Introduction   

7KHXVHRIUHPRWHO\VHQVHGGDWDIRUODQGFRYHUFODVVLILFDWLRQKDVEHHQDQDFWLYHUHVHDUFKWRSLF
VLQFH WKHVH GDWD ZHUH PDGH DYDLODEOH WR WKH VFLHQFH FRPPXQLW\ $ OLPLWDWLRQ RI FODVVLI\LQJ
ODQGFRYHURYHUGHQVHYHJHWDWLRQXVLQJSDVVLYHPXOWLVSHFWUDORUK\SHUVSHFWUDOGDWDLVWKHGHWHFWHG
UHIOHFWDQFHLVRIWHQIURPWKHXSSHUFDQRS\DQGLQIRUPDWLRQUHJDUGLQJWKHYHUWLFDOGLVWULEXWLRQRI
FDQRS\VWUXFWXUHLVQRWUHFRUGHG7KHSRWHQWLDORIDLUERUQHOLGDUGDWDIRUWKHFKDUDFWHUL]DWLRQRI
PDQPDGHEXLOGLQJVDQGQDWXUDOVXUIDFHVLVSRVVLEOHGXHWRWKHGQDWXUHRIWKHGDWD,QVHYHUDO
LQVWDQFHV WKH KHLJKW LQIRUPDWLRQ GHULYHG IURP OLGDU LV XVHG DV DQFLOODU\ GDWD IRU ODQGFRYHU
FODVVLILFDWLRQ 5RWWHQVWHLQHU HW DO  .RHW] HW DO  7KHUH KDV EHHQ FRQVLGHUDEOH
UHVHDUFK RQ WKH XVH RI ODUJHIRRWSULQW DLUERUQHZDYHIRUPVDPSOLQJ OLGDU WR HVWLPDWH FRPPRQ
LQGLFHVRIYHJHWDWLRQVWUXFWXUHLQFOXGLQJDERYHJURXQGELRPDVVEDVDODUHDVWHPGHQVLW\0HDQV
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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HW DO 'XED\DK DQG'UDNH 'UDNH HW DO +\GH HW DO 5RVHWWH HW DO
YDQ/HHXZHQDQG1LHXZHQKXLVLQELRPHVLQFOXGLQJWHPSHUDWHFRQLIHURXVIRUHVWV
LQWKH3DFLILF1RUWKZHVWDQGWHPSHUDWHGHFLGXRXVIRUHVWVLQWKHHDVWHUQ8QLWHG6WDWHV/HIVN\HW
DO3DUNHUHWDO$QGHUVHQHWDO ,QWKHVHVWXGLHVWKHODVHUIRRWSULQW
VL]HUDQJHGIURP±PLQGLDPHWHUDQGH[WUDFWHGKHLJKWPHWULFVRIWHQXVHGDUH5+RU
KHLJKW DVVRFLDWHGZLWK WKH ILUVW UHIOHFWLQJ VXUIDFHZKLFK LV LQIHUUHGDV WRSRI WKH FDQRS\ DQG
+20( RU KHLJKW DVVRFLDWHG ZLWK WKH PHGLDQ RI WKH FXPXODWLYH HQHUJ\ DERYH WKH QRLVH
EDFNJURXQG'UDNHHWDO7KHH[SHULHQFHDQGWHFKQLTXHVGHYHORSHGZLWKODUJHIRRWSULQW
DLUERUQHVHQVRUVVXFKDV/9,6DQG6/,&(5KDVEHHQDSSOLHGWRGDWDFROOHFWHGE\WKH*/$6
*HRVFLHQFH/DVHU$OWLPHWHU6\VWHPLQVWUXPHQWRQERDUG,&(6DW$OWKRXJKWKH,&(6DW*/$6
IRRWSULQW VL]H LV ODUJH LQ GLDPHWHU VHYHUDO VWXGLHV LQGLFDWH WKDW KHLJKWV GHULYHG IURP
,&(6DW*/$6 ZDYHIRUPV ZHUH XVHIXO LQGLFDWRUV RI IRUHVW EDVDO DUHD WLPEHU YROXPH DQG
ELRPDVV /HIVN\ HW DO  6LPDUG HW DO  5RVHWWH HW DO  1HOVRQ HW DO 
3RSHVFXHWDO,QDGGLWLRQWRKHLJKWPHWULFVRWKHUPHWULFVVXFKDVVORSHRIWKHOHDGLQJ
HGJH DQG WRWDO ZDYHIRUP H[WHQW GHULYHG IURP ODVHU ZDYHIRUPV ZHUH IRXQG WR EH XVHIXO IRU
SUHGLFWLQJ ELRPDVV %RXGUHDX HW DO  5RVHWWH HW DO  6LPLODUO\ PHWULFV VXFK DV
OHDGLQJ HGJH VORSH +20( QXPEHU RI *DXVVLDQV SHDN DPSOLWXGH DQG DUHD XQGHU WKH UG
*DXVVLDQSHDNKDYHEHHQXVHGDVSUHGLFWRUVRIWLPEHUYROXPH1HOVRQHWDO

5HFHQWO\ VPDOOIRRWSULQW IXOOZDYHIRUP V\VWHPV DUH HQWHULQJ WKH FRPPHUFLDO VHFWRU DQG FDQ
SRWHQWLDOO\SURYLGH DZHDOWKRI LQIRUPDWLRQ EH\RQGDQ;<=SRLQWFORXGZKLFK LV WKH W\SLFDO
FRPPHUFLDO GLVFUHWH UHWXUQ OLGDU SURGXFW )RU IXOOZDYHIRUP DV WKH QDPH LPSOLHV WKH HQWLUH
WHPSRUDO SURILOH RI WKH WUDQVPLWWHG and UHIOHFWHG HQHUJ\ LV UHFRUGHG DQG VWRUHG IRU IXUWKHU
SURFHVVLQJ ZKLOH WKH GLVFUHWH UHWXUQ V\VWHPV DOORZ IRU VRPH VPDOO QXPEHU RI UDQJH
PHDVXUHPHQWV DPRQJ WKH UHIOHFWHG RSWLFDO HQHUJ\SHU ODVHU RXWSXW7KXV IXOOZDYHIRUP OLGDU
RIIHUV WKH DELOLW\ WR GHWHUPLQH DGGLWLRQDO VXUIDFH LQIRUPDWLRQ EH\RQG ZKDW LV SRWHQWLDOO\
DYDLODEOHIURPGLVFUHWHUHWXUQRUSKRWRQFRXQWLQJV\VWHPVDWDKLJKVSDWLDOUHVROXWLRQ/LNHODUJH
IRRWSULQW V\VWHPV WKH UHWXUQHG ODVHU ZDYHIRUPV IURP VPDOOIRRWSULQW ODVHU V\VWHPV LQGLFDWH
VSHFLILFUHIOHFWLRQVZLWKLQWKHIRRWSULQWYHUWLFDOVWUXFWXUHZKLOHWKHVKDSHRIWKHZDYHIRUPLV
LQIOXHQFHGE\WKHVXUIDFHUHIOHFWDQFHVXUIDFHURXJKQHVVDQGSK\VLFDOWRSRJUDSK\5HFRUGLQJRI
WKHIXOOZDYHIRUPLVHVSHFLDOO\HIIHFWLYHLQYHJHWDWLYHUHJLRQVZLWKUHVSHFWWRFDQRS\VWUXFWXUH
FKDUDFWHUL]DWLRQ 3UHOLPLQDU\ UHVHDUFK RIZDYHIRUP GHULYHG SDUDPHWHUV KDV VKRZQ VXFFHVV LQ
FKDUDFWHUL]LQJVXUIDFHFODVVHV1HXHQVFKZDQGHUHWDODVZHOODVFODVVLI\LQJYHJHWDWLRQ
.QRZOHGJH RI YHJHWDWLYH VWUXFWXUH VXFK DV FDQRS\ FRYHU YHUWLFDO HQHUJ\ GLVWULEXWLRQ DQG
XQGHUO\LQJ WRSRJUDSK\ \LHOGV LPSURYHG ODQGFRYHU PDSSLQJ DQG VXEVHTXHQWO\ LQFUHDVHV WKH
VXFFHVVRIDSSOLFDWLRQVUDQJLQJIURPHFRV\VWHPPRGHOLQJWRKDELWDWVXLWDELOLW\7KHREMHFWLYHRI
WKLV SDSHU LV WR DVVHVV WKHSRWHQWLDO RI H[WUDFWHGZDYHIRUPPHWULFVEH\RQGKHLJKWPHWULFV IRU
GHVFULELQJ YHJHWDWLRQ VWUXFWXUH DQG FODVVLI\LQJ WKH ODQGFRYHU ZLWKLQ D ZRRGHG VDYDQQD
3UHGLFWLRQRIODQGFRYHUW\SHEDVHGRQVWUXFWXUDOGLIIHUHQFHVLQWKHYHJHWDWLRQRQWKHODQGVFDSHLV
DFULWLFDOFRPSRQHQWIRUEHWWHUXQGHUVWDQGLQJHFRV\VWHPIXQFWLRQ 


2. Method  
2.1 Study area  
 
7KH)UHHPDQ5DQFKORFDWHGQHDU6DQ0DUFRV7H[DVDQGRSHUDWHGE\7H[DV6WDWH8QLYHUVLW\LV
DUHVHDUFKDUHDDFUHVLQVL]HDQGLVDPL[WXUHRIUDQJHODQGDQGZRRGODQGV)LJXUH7KH
)UHHPDQ 5DQFK  ¶1  : OLHV ZLWKLQ WKH %DOFRQHV &DQ\RQODQG VXEUHJLRQ RI WKH
(GZDUGV3ODWHDXDQGWKLVUHJLRQLVXQGHUJRLQJVXFFHVVLRQDOFKDQJHIURPJUDVVODQGWR/LYH2DN
Quercus virginiana$VKH -XQLSHU Juniperus ashei GRPLQDWHG ZRRGODQGV +HLOPDQ HW DO
 7KH YHJHWDWLRQ DW )UHHPDQ 5DQFK UHSUHVHQWV HFRV\VWHPV RQ WKH (GZDUGV 3ODWHDX D
NPNDUVWHFRUHJLRQLQFHQWUDO7H[DVZKHUHZRRG\HQFURDFKPHQWLH$VKH-XQLSHUKDV
EHFRPHDSUREOHP7KHVRLODW)UHHPDQ5DQFKLV&RPIRUWVHULHVZKLFKDUHVKDOORZWRLQGXUDWHG
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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OLPHVWRQHEHGURFNDQGIRUPHGLQDFOD\H\UHVLGXH'XHWRWKHKLJKOLPHVWRQHFRQWHQWWKHVRLOV
KDYHOLPLWHGPRLVWXUHVWRUDJHDQGWKLVDUHDLVZDWHUOLPLWHG%HQGHYLVHWDO)LHOGGDWD
KDYH EHHQ FROOHFWHG DW )UHHPDQ5DQFK RQ D TXDUWHUO\ EDVLV VLQFH  DV SDUW RI DQ RYHUDOO
YHJHWDWLRQ LQYHQWRU\ HIIRUW :LWKLQ WKH ZRRGODQGV WKH /LYH 2DN WUHHV KDYH FDQRS\ KHLJKWV
UDQJLQJIURP±PZLWKDQDYHUDJHGLDPHWHUDWEUHDVWKHLJKWGEKRIFPDQGRIWHQKDYH
DGHQVHXQGHUVWRU\RIVKUXEVDQG-XQLSHUEHQHDWKWKHP$VKH-XQLSHUKHLJKWVDSSURDFKKHLJKWV
RIPLQRSHQDUHDVDQG±PLQKHLJKWLQGHQVHZRRGODQGVDQGKDYHDQDYHUDJHGEKRI
FP&HGDU(OPUlmus crassifolia LVDOVRSUHVHQW LQ WKHZRRGODQGYHJHWDWLRQSDUWLFXODUO\ LQ
ORZO\LQJHSKHPHUDOVWUHDPVDQGFDQRS\KHLJKWVUDQJHIURP±PDQGWKHPDLQVWHPKDVDQ
DYHUDJHGEKRIFP7KHKHWHURJHQHRXVODQGFRYHURI)UHHPDQ5DQFKDPL[WXUHRIUDQJHODQG
DQG ZRRGODQG SURYLGHV DQ LQYDOXDEOH UHVRXUFH IRU HFRV\VWHP LQYHVWLJDWLRQV DQG RIIHUV DQ
RSSRUWXQLW\ WR GLVFULPLQDWH YDULRXV W\SHV RI ELRPHV DQG YHJHWDWLYH VSHFLHV EDVHG RQ WKHLU
FKDUDFWHULVWLFUHVSRQVHWRIXOOZDYHIRUPOLGDU 


)LJXUH2DN-XQLSHUZRRGHGVDYDQQDDW)UHHPDQ5DQFK7H[DV

2.2 Waveform Data Analysis 

6PDOOIRRWSULQWIXOOZDYHIRUPOLGDUGDWDZHUHFROOHFWHGRYHU)UHHPDQ5DQFKLQ2FWREHU
E\ WKH1DWLRQDO &HQWHU IRU$LUERUQH /DVHU0DSSLQJ 1&$/0 WR EHWWHU FKDUDFWHUL]H FHQWUDO
7H[DV HFRV\VWHPV 1&$/0¶V VPDOOIRRWSULQW IXOOZDYHIRUP OLGDU LQVWUXPHQW LV DQ 2SWHFK
*HPLQLZLWKDQLQWHJUDWHGZDYHIRUPGLJLWL]HU7KHV\VWHPXWLOL]HVD1G<$*ODVHURSHUDWLQJLQ
WKHQHDULQIUDUHGQPZLWKDODVHUSXOVHUHSHWLWLRQUDWHRIN+]7KHZDYHIRUPGLJLWL]HU
VDPSOHVWKHRXWJRLQJDQGUHWXUQSXOVHDWDUDWHRIQVZKLFKSURYLGHVDUDQJLQJUHVROXWLRQRI
DSSUR[LPDWHO\FP$QDUURZEHDPGLYHUJHQFH PUDGZDVXVHGGXULQJ WKH DFTXLVLWLRQ
DQGDWWKHIOLJKWDOWLWXGHWKHUHVXOWLQJIRRWSULQWGLDPHWHUVL]HLVURXJKO\FP7KHVXUYH\ZDV
IORZQ VXFK WKDW WKH DYHUDJH SRLQW GHQVLW\ZDV  SRLQWV SHUP 7KH UDZZDYHIRUPV DQG WKH
DLUFUDIW DWWLWXGH LQIRUPDWLRQ ZHUH SURYLGHG WR WKH 8QLYHUVLW\ RI 7H[DV IRU SURFHVVLQJ DQG
ZDYHIRUPDQDO\VLV ,QDOONPRYHU)UHHPDQ5DQFKZHUHPDSSHGGXULQJ WKH2FWREHU
GDWDDFTXLVLWLRQ

7KHIHDWXUHH[WUDFWLRQPHWKRGRORJ\DQGFODVVLILFDWLRQIRUWKHIXOOZDYHIRUPOLGDUGDWDXWLOL]HG
LQWKLVUHVHDUFKDUHGHVLJQHGZLWKWKHGHVLUHWRUHGXFH WKHDPRXQWRISRVWSURFHVVLQJ WLPH\HW
SURYLGH YDOXDEOH LQIRUPDWLRQ WR FKDUDFWHUL]H WKH FDQRS\ DQG FDQRS\ VWUXFWXUH $ QXPEHU RI
ZDYHIRUPIHDWXUHVDVGHSLFWHGLQ)LJXUHVXFKDVWRWDO LQWHJUDWHGZDYHIRUPHQHUJ\DQGULVH
WLPHRIWKHOHDGLQJHGJHFDQEHH[WUDFWHGGLUHFWO\IURPWKHUDZZDYHIRUP,QDGGLWLRQWRWKHVH
UDZ ZDYHIRUP PHWULFV VSHFLILF ZDYHIRUP IHDWXUHV IURP LQGLYLGXDO VFDWWHUHUV RU UHIOHFWLQJ
VXUIDFHV FDQ EH GHILQHG IROORZLQJ GHFRPSRVLWLRQ RI WKH OLGDU GDWD LQWR LQGLYLGXDO *DXVVLDQ
FRPSRQHQWV VXFK DV DPSOLWXGH DQGSXOVHZLGWK(DFKZDYHIRUP LV LQGLYLGXDOO\ DQDO\]HG DQG
SURFHVVHG VXFK WKDW HDFK *DXVVLDQ SHDN LGHQWLILHG ZLWKLQ WKH ZDYHIRUP LV JHRORFDWHG 7KH
VWDQGDUG GHYLDWLRQ RI D SHDN FRPSRQHQW LV D SRWHQWLDO LQGLFDWRU RI WKH UDQJH GLVWULEXWLRQ RI
VFDWWHUHUV VXUIDFH URXJKQHVV DQGRU VXUIDFH VORSH DV SXOVH EURDGHQLQJ RFFXUV XQGHU WKHVH
FRQGLWLRQV 
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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
)LJXUH,OOXVWUDWLRQRIVPDOOIRRWSULQWODVHUZDYHIRUP,QWKLVH[DPSOHIRXUGLVWLQFWSHDNVDUHDSSDUHQW
RYHUWKHEDFNJURXQGQRLVH7KHULVHWLPHLVFRPSXWHGRQWKHOHDGLQJHGJHRIWKHZDYHIRUP7KHDUHDXQGHU
WKHILUVWWKUHHSHDNVUHSUHVHQWVFDQRS\VKDGHGJUHHQDQGWKHDUHDXQGHUWKHODVWUHWXUQUHSUHVHQWVWKH
SUHVXPHGJURXQGUHWXUQVKDGHGEURZQ$QLQGHSHQGHQWWHVWRIWKHODVWUHWXUQHOHYDWLRQDJDLQVWDGLJLWDO
WHUUDLQPRGHOLVFRQGXFWHGWRGHWHUPLQHZKHWKHUWKLVSDUWLWLRQLQJEHWZHHQFDQRS\DQGJURXQGLVYDOLG

2WKHUFRPSXWHGZDYHIRUPPHWULFVLQFOXGHLQWHJUDWHGFDQRS\HQHUJ\LQWHJUDWHGWRWDOZDYHIRUP
HQHUJ\ ULVH WLPH WR WKH ILUVW SHDN FDQRS\ KHLJKW+HLJKW RI0HGLDQ(QHUJ\ +20( DQG D
YHUWLFDOGLVWULEXWLRQUDWLR9'5&DQRS\LQWKHZDYHIRUPFRQWH[WUHIHUVWRWKRVHSDUDPHWHUV
DVVRFLDWHGZLWKSRUWLRQVRIWKHZDYHIRUPRFFXUULQJEHIRUHWKHLQLWLDWLRQRIWKHSUHVXPHGJURXQG
UHIOHFWLRQ±LQWKLVFDVHWKHODVWSHDN+RZHYHUIRUVPDOOIRRWSULQWV\VWHPVWKHDVVXPSWLRQWKDW
WKH ODVW UHWXUQ LV WKH JURXQG LV QRW DOZD\V FRUUHFW ,Q GHQVH FDQRS\ WKH ODVW UHWXUQ IURP
VPDOOIRRWSULQW V\VWHPV FDQ RIWHQ EH DWWULEXWHG WR UHWXUQV IURPZLWKLQ WKH FDQRS\ 7R HQVXUH
ZKHWKHUDGHWHFWHGODVWUHWXUQFRUUHVSRQGVWRWKHJURXQGDVHSDUDWHGLJLWDOWHUUDLQPRGHOZLWKD
PJULGSRVWLQJZDVXVHG LQ WKHZDYHIRUPSURFHVVLQJ ,I WKHHOHYDWLRQRI WKH ODVW UHWXUQ IHOO
ZLWKLQKDOIDPHWHURIWKHJULGGHGWHUUDLQHOHYDWLRQWKDWSHDNZDVDVVLJQHGDVDJURXQGUHWXUQ
7KH JURXQG UHWXUQ VWDUWLQJ ORFDWLRQ LV GHILQHG DV WKH OHDGLQJ HGJH IXOOZLGWKKDOIPD[LPXP
):+0 SRVLWLRQ RI WKH JURXQG SHDN IRU D JLYHQ ODVHU VKRW &DQRS\ HQHUJ\ UHIHUV WR WKH
LQWHJUDWHGZDYHIRUPHQHUJ\IURPWKHLQLWLDOOHDGLQJHGJHRIWKHZDYHIRUPWRWKHEHJLQQLQJRI
WKH JURXQG UHWXUQ ,I DOO WKH GHWHFWHG SHDNV ZLWKLQ D ZDYHIRUP DUH DVVRFLDWHG ZLWK FDQRS\
UHWXUQVWKHQWKHFDQRS\HQHUJ\LVWKHLQWHJUDWHGHQHUJ\IRUWKHHQWLUHZDYHIRUP7KHLQWHJUDWHG
HQHUJ\ SDUDPHWHUV XVHG IRU FDQRS\ DQG JURXQGZDYHIRUPV ERWK SURYLGH DQ LQGLFDWLRQ RI WKH
VXUIDFHUHIOHFWLYLW\UHVSRQVHDVWKH\FRPELQHDPSOLWXGHDQGSXOVHVKDSHLQRQHVSHFLILFIHDWXUH
7KHULVHWLPHLVFRPSXWHGDVWKHWLPHGXUDWLRQEHWZHHQWKH±HQHUJ\RIWKHOHDGLQJHGJH
RIWKHZDYHIRUP,Q WKHOLWHUDWXUH WKHULVH WLPH LVGHVFULEHGDVEHLQJUHODWHGWRWKHDPRXQWRI
FDQRS\ RSHQQHVV RU YDULDQFH RI WKH XSSHU FDQRS\ &DUDEDMDO DQG +DUGLQJ  )RU ODUJH
IRRWSULQWV\VWHPVYHJHWDWLRQKHLJKWFRXOGEHGLUHFWO\FRPSXWHGDVWKHKHLJKWEHWZHHQWKHODVW
GHWHFWHG SHDN SUHVXPHG WR EH WKH JURXQG DQG ILUVW GHWHFWHG SHDN +RZHYHU DJDLQ IRU
VPDOOIRRWSULQWV\VWHPVWKHDVVXPSWLRQWKDWWKHODVWUHWXUQLVWKHJURXQGLVQRWDOZD\VWUXH+HUH
FDQRS\KHLJKWLVGHILQHGDVWKHKHLJKWGLIIHUHQFHEHWZHHQWKHILUVWUHWXUQRQWKHZDYHIRUPDQG
WKH HOHYDWLRQ IURP WKH FORVHVW GLJLWDO WHUUDLQ VXUIDFH JULG FHOO 6LPLODUO\ +HLJKW RI 0HGLDQ
(QHUJ\ +20( LV WKHKHLJKWDVVRFLDWHGZLWK WKHPHGLDQHQHUJ\ ORFDWLRQDORQJDFXPXODWLYH
GLVWULEXWLRQRIWKHODVHUHQHUJ\WKURXJKWKHFDQRS\DERYHWKHGLJLWDOWHUUDLQPRGHO 
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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
7KH SDUDPHWHUV GHULYHG IURP HDFK OLGDU ZDYHIRUP ZHUH UHIHUHQFHG WR D UHJXODU JULG XVLQJ
VLPSOHDYHUDJLQJ IRUHDFKPJULGFHOO7KXV LQGLYLGXDOGDWD OD\HUVZHUHGHYHORSHG IRUHDFK
ZDYHIRUPSDUDPHWHUDQGLQFOXGHWKHDPSOLWXGHRIHDFK*DXVVLDQSHDNFRPSRQHQWWKHVWDQGDUG
GHYLDWLRQRIHDFK*DXVVLDQSHDNFRPSRQHQWLQWHJUDWHGFDQRS\HQHUJ\WRWDOZDYHIRUPHQHUJ\
ULVHWLPHDQGYHJHWDWLRQKHLJKW6LQFHWKLVUHVHDUFKLVIRFXVHGRQXVLQJWKHH[WUDFWHGZDYHIRUP
SDUDPHWHUVIRUFODVVLI\LQJYHJHWDWLRQDQGFDQRS\VWUXFWXUHRQO\UHOHYDQW*DXVVLDQSHDNVZHUH
XVHG WR FUHDWH D JULGGHG SURGXFW:KHQ ZDYHIRUPV KDG WZR RU PRUH SHDNV RQO\ WKH SHDNV
FRUUHVSRQGLQJWRWKHFDQRS\ZHUHFRQVLGHUHGZKHQFRPSXWLQJWKHFDQRS\HQHUJ\SXOVHZLGWK
DQG FDQRS\ DPSOLWXGH 7KXV UHWXUQV IURP WKH JURXQG GLG QRW LQIOXHQFH WKH FDQRS\ OHYHO
FDOFXODWLRQV7KHYHUWLFDOGLVWULEXWLRQUDWLR9'5LVFRPSXWHGDV 

𝑉𝐷𝑅 = ஼ுିுைொ஼ு       

ZKHUH&+LVWKHFDQRS\KHLJKW7KH9'5ZDVFRPSXWHGDWWKHUDVWHUOHYHOUDWKHUWKDQDWDSHU
ZDYHIRUPVKRWOHYHO8OWLPDWHO\HDFKRIWKHVHGLUHFWDQGFRPSXWHGZDYHIRUPIHDWXUHVRIIHUWKH
FDSDELOLW\ WR FODVVLI\ WKH ODQGFRYHU DQG FKDUDFWHUL]H WKH YHJHWDWLRQ VWUXFWXUH EDVHG RQ WKH
LQWHUDFWLRQRIVXUIDFHDQGODVHUHQHUJ\

  
           D     E

)LJXUHD)DOVHFRORUFRPSRVLWHRI2DN-XQLSHUZRRGODQGVDYDQQDDW)UHHPDQ5DQFKXVLQJZDYHIRUP
SDUDPHWHUVFDQRS\HQHUJ\SXOVHZLGWKDQGDPSOLWXGHE)DOVHFRORUFRPSRVLWHRI2DN-XQLSHU
ZRRGODQGVDYDQQDDW)UHHPDQ5DQFKXVLQJZDYHIRUPSDUDPHWHUVFDQRS\KHLJKWFDQRS\HQHUJ\DQGULVH
WLPH 

7KHDGYDQWDJHRIZDYHIRUPOLGDURYHUGLVFUHWHUHWXUQV\VWHPVLVWKDWWKHUHWXUQHGZDYHIRUPFDQ
SRWHQWLDOO\GHWHFWVXEWOHWLHVRIFDQRS\VWUXFWXUHWKDWDUHQRWGLVFHUQLEOHZLWKGLVFUHWHUHWXUQOLGDU
GDWD 7ZR VXEVHW LPDJHV  [  P VKRZQ LQ )LJXUH D DQG E UHYHDO
VWUXFWXUDOPRUSKRORJLFDOGLIIHUHQFHVLQWKH2DN-XQLSHUZRRGODQGYHJHWDWLRQIRXQGDW)UHHPDQ
5DQFK)LJXUHDLVDIDOVHFRORUFRPSRVLWHRIFDQRS\HQHUJ\SXOVHZLGWKDQGDPSOLWXGH7KH
DPSOLWXGHRIWKHKHUEDFHRXVOD\HULVEULJKWHUWKDQZRRG\YHJHWDWLRQDQGWKRVHUHJLRQVDUHHDVLO\
UHFRJQL]HG DV EOXH $OWKRXJK WKH YHJHWDWLRQ DW )UHHPDQ 5DQFK LV JHQHUDOO\ FRQVLGHUHG DQ
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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2DN-XQLSHUZRRGODQGWKHUHDUHSDWFKHVZLWKLQWKLVPRVDLFWKDWDUHGLVFHUQLEOHLQWKHZDYHIRUP
OLGDU LPDJHU\ WKDW OLNHO\FRUUHVSRQGWRSDWFKHVGRPLQDWHGE\2DN-XQLSHURU&HGDU(OP)RU
H[DPSOH VXEWOH GLIIHUHQFHV LQ )LJXUH D RI WKH ZRRG\ YHJHWDWLRQ VKDGHV RI SLQN WR JUHHQ
UHIOHFWGLIIHUHQFHVLQSXOVHEURDGHQLQJDQGDPSOLWXGH)LJXUHELVDFRPSRVLWHRIFDQRS\KHLJKW
FDQRS\HQHUJ\DQGULVHWLPHDQGUHYHDORWKHUGLIIHUHQFHVLQWKHYHJHWDWLRQVWUXFWXUH+HUHWKH
KHUEDFHRXVOD\HUDSSHDUVEODFNGXHWRORZFDQRS\KHLJKWORZFDQRS\HQHUJ\DQGORZULVHWLPH
,Q SDUWLFXODU SRFNHWV RI &HGDU (OP ZRRGODQG DUH YLVLEOH DV EULJKW RUDQJH WUHHV 7KH SL[HOV
VKDGHGEOXHFRUUHVSRQGWRDUHDVRI-XQLSHUUHJURZWKRUHQFURDFKPHQWDQGWKHVHWUHHVDUHVKRUW
DQGLPPDWXUH


3. Results   

)LYH ODQGFRYHUFODVVHVEDVHGRQVSHFLHVDQGPRUSKRORJLFDOGLIIHUHQFHVZHUH LGHQWLILHGIRU WKH
VWXG\ DUHD DQG WKH FODVVHV LQFOXGH KHUEDFHRXV2DNGRPLQDWHGZRRGODQG -XQLSHU GRPLQDWHG
ZRRGODQG\RXQJMXQLSHUZRRGODQGDQG&HGDU(OPGRPLQDWHGZRRGODQG7KHKHUEDFHRXVOD\HU
LVFRPSULVHGRIERWKQDWLYHDQGLQYDVLYHJUDVVHVUDQJLQJIURP±PLQKHLJKW'XULQJWKH
OLGDU DFTXLVLWLRQ WKH KHUEDFHRXV OD\HU ZDV DSSUR[LPDWHO\  FP LQ KHLJKW $V GLVFXVVHG
SUHYLRXVO\WKHZRRG\YHJHWDWLRQDW)UHHPDQ5DQFKLVDPRVDLFRI2DN-XQLSHUZRRGODQGZLWK
WKH PDMRULW\ RI GLIIHUHQFHV EHWZHHQ HDFK FODVV LV WKH GRPLQDQFH RI RQH VSHFLHV ZLWKLQ WKH
PRVDLF DQG D SUHVHQFH RI XQGHUVWRU\ YDOLGDWHG E\ H[WHQVLYH ILHOG FDPSDLJQV VLQFH  )RU
H[DPSOH WKH2DN:RRGODQGFODVV LV W\SLFDOO\FKDUDFWHUL]HGDVKDYLQJDQ2DNRYHUVWRU\ZLWK
-XQLSHU FRQWULEXWLQJ WR WKH XQGHUVWRU\ DQG PLGVWRU\ YHJHWDWLRQ 7KH -XQLSHU FODVV LV
SUHGRPLQDQWO\-XQLSHUYHJHWDWLRQDWPLGVWRU\DQGRYHUVWRU\OHYHOVZLWKDFOHDUXQGHUVWRU\7KH
QHZ-XQLSHUFODVVFRQVLVWVRIQHZ-XQLSHUYHJHWDWLRQWKDWKDVHQFURDFKHGLQWRRSHQVSDFHVDQG
KDVFDQRS\KHLJKWVW\SLFDOO\OHVVWKDQPDQGDQDYHUDJHGEKRIFP)LQDOO\WKH&HGDU(OP
ZRRGODQGFODVVLVGRPLQDWHGE\&HGDU(OPDQGLVW\SLFDOO\IRXQGZLWKLQWKHGUDLQDJHFKDQQHOV
RQ WKH SURSHUW\ 6WUXFWXUDOO\ 2DN DQG &HGDU (OP ORRN VLPLODU LQ WKH ILHOG DQG FDQ RQO\ EH
FRUUHFWO\ LGHQWLILHG DW WKH OHDI OHYHO 7KH&HGDU (OP FODVV KRZHYHU FDQ EH FKDUDFWHUL]HG DV
KDYLQJVLJQLILFDQWO\OHVVXQGHUVWRU\DQGPLGVWRU\YHJHWDWLRQWKDQWKH2DN:RRGODQGFODVV7KH
WUDLQLQJ GDWD IRU WKH FODVVLILHU ZHUH EDVHG RQ SRO\JRQV GUDZQ IURP WKH ZDYHIRUP LPDJHU\
4XLFN%LUG LPDJHU\ DQG H[WHQVLYH ILHOG GDWD FROOHFWHG TXDUWHUO\ VLQFH  ,Q DGGLWLRQ WR
WUDLQLQJ GDWD DGGLWLRQDO UHJLRQV RI LQWHUHVW ZHUH GLJLWL]HG IRU LQGHSHQGHQW WHVWLQJ RI WKH
FODVVLILFDWLRQUHVXOWV

7DEOH6WDWLVWLFVPHDQVWGHYRIZDYHIRUPOLGDUPHWULFVIRUILYHYHJHWDWLRQFODVVHV
 +HUEDFHRXV 2DN
:RRGODQG
-XQLSHU
:RRGODQG
1HZ
 -XQLSHU
&HGDU(OP
:RRGODQG
&DQRS\
+HLJKWP
    
3XOVH:LGWK
QV
    
&DQRS\
(QHUJ\
    
$PSOLWXGH     
5LVH7LPH     


7KHPHDQDQGVWDQGDUGGHYLDWLRQRIWKHH[WUDFWHGZDYHIRUPSDUDPHWHUVZHUHFRPSXWHGIRUHDFK
FODVVDQGDUHOLVWHGLQ7DEOH7KHPHDQYDOXHVIRUWKHGLIIHUHQWFODVVHVSURYLGHDVHQVHRIWKH
VHSDUDELOLW\EHWZHHQODQGFRYHUFODVVHVEDVHGRQWKHVHZDYHIRUPOLGDUSDUDPHWHUV)RUH[DPSOH
WKHDYHUDJHSHDNDPSOLWXGH IRUKHUEDFHRXV OD\HU LV KLJKHUDV WKDW IRUZRRG\YHJHWDWLRQ
7KH FRPELQDWLRQ RI WKH FDQRS\ HQHUJ\ DQG FDQRS\ KHLJKW LV SHUKDSV WKH EHVW SDUDPHWHUV IRU
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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GLVFULPLQDWLQJ WKH ZRRG\ YHJHWDWLRQ FODVVHV EDVHG RQ WKH GLIIHUHQW PRUSKRORJLHV IRU WKHVH
FODVVHV7KH&HGDU(OPZRRGODQGFODVVZKLFKLVFKDUDFWHUL]HGE\OHVVXQGHUVWRU\DQGPLGVWRU\
YHJHWDWLRQ KDV OHVV FDQRS\ HQHUJ\ WKDQ WKH 2DN:RRGODQG FODVV ZKLFK WHQGV WR KDYH PRUH
XQGHUVWRU\YHJHWDWLRQ 

$ VXSSRUW YHFWRU PDFKLQH 690 FODVVLILHU XVLQJ D UDGLDO EDVLV IXQFWLRQ DV WKH NHUQHO ZDV
XWLOL]HG RQ WKH ZDYHIRUP SDUDPHWHUV WR SURGXFH D ODQGFRYHU FODVVLILFDWLRQ PDS 7KH LQSXW
IHDWXUHV WR WKH FODVVLILHU LQFOXGHG FDQRS\ KHLJKW SXOVH ZLGWK FDQRS\ HQHUJ\ ULVH WLPH DQG
DPSOLWXGH7KHWKHPDWLFRXWSXWIURPWKH690LVVKRZQLQ)LJXUHDQGDQDFFXUDF\PDWUL[LV
SURYLGHG LQ 7DEOH  $Q LQGHSHQGHQW WHVW GDWD VHW ZDV XVHG IRU WKH FODVVLILFDWLRQ DFFXUDF\
DVVHVVPHQW7KHRYHUDOOFODVVLILFDWLRQDFFXUDF\ZDVIRXQGWREHNDSSD DQGWKH
DFFXUDF\UHVXOWVIRULQGLYLGXDOFODVVHVDUHOLVWHGLQ7DEOH


)LJXUH6XSSRUW9HFWRU0DFKLQHFODVVLILFDWLRQRXWSXWRIZDYHIRUPGDWDDW)UHHPDQ5DQFK

2YHUDOO WKH FODVVLILFDWLRQ DFFXUDF\ XVLQJ WKHZDYHIRUP SDUDPHWHUV LV H[FHOOHQW DW 7KH
KHUEDFHRXVYHJHWDWLRQZDVHDVLO\VHSDUDEOHIURPWKHYDULRXVZRRGODQGFODVVHVDVHYLGHQFHGLQ
WKHLPDJHU\VKRZQLQ)LJXUHDDQGE7KHPDMRULW\RIFRQIXVLRQRFFXUUHGEHWZHHQWKH2DN
:RRGODQGFODVVDQGWKH&HGDU(OPFODVV7KLVFRQIXVLRQKRZHYHUWKLVLVQRWXQH[SHFWHGVLQFH
WKH&HGDU(OPWUHHVORRNVLPLODUWRWKH2DNLWLVMXVWODFNLQJVRPHRIWKHXQGHUVWRU\YHJHWDWLRQ
IRXQG LQ WKH 2DN FODVV $OWKRXJK WKH YHJHWDWLRQ DW )UHHPDQ 5DQFK LV UHJDUGHG DV DQ
2DN-XQLSHUZRRGODQGZDYHIRUPSDUDPHWHUV UHYHDOVXEWOHGLIIHUHQFHV LQYHJHWDWLRQVWUXFWXUH
LH PRUSKRORJLFDO GLIIHUHQFHV ZKLFK DUH LQYDOXDEOH IRU FODVVLI\LQJ WKH ODQGFRYHU DW D KLJK
VSDWLDO UHVROXWLRQ 3DUDPHWHUV GHULYHG IURP ODVHU ZDYHIRUPV LH DPSOLWXGH FDQRS\ HQHUJ\
SXOVHZLGWKHWFUHIOHFWPRUSKRORJLFDOGLIIHUHQFHVEHWZHHQWKHVHGLIIHUHQWFODVVHV




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
7DEOH  $FFXUDF\0DWUL[RI690FODVVLILFDWLRQUHVXOWVLQSL[HOV
 *UDVV 2DN -XQLSHU 1HZ
-XQLSHU
&HGDU
(OP
USERS 
pixels 
USERS
 % 
*UDVV      569 100.0 
2DN:RRGODQG      417 100.0 
-XQLSHU
:RRGODQG
     431 94.9 
<RXQJ-XQLSHU      215 100.0 
&HGDU(OP      692 75.9 
PRODUCERS 
pixels 
569 586 409 230 530   
PRODUCERS 
% 
100.0 71.2 100.0 93.5 99.1  91.86 
7RWDO   .DSSDFRHIILFLHQW


,QWKHOLWHUDWXUHKHLJKWPHWULFVVXFKDV+20(DQGFDQRS\KHLJKWKDYHEHHQVKRZQWREHUHODWHG
WRELRPDVVDQGVWHPGHQVLW\YLDDOORPHWULFUHJUHVVLRQPRGHOV'UDNHHWDO/HIVN\HWDO
DQGLWLVTXHVWLRQHGZKHWKHUWKHVHVDPHSDUDPHWHUVSURYLGHVXIILFLHQWVHSDUDELOLW\RIWKH
VDPH ODQGFRYHU FODVVHV )RU WKLV VWXG\ 9'5 ZDV FRPSXWHG E\ FDOFXODWLQJ WKH QRUPDOL]HG
GLIIHUHQFH EHWZHHQ FDQRS\ KHLJKW DQG +20( DW WKH UDVWHU OHYHO )LJXUH D LV D IDOVH FRORU
FRPSRVLWH RI WKHVH WKUHH KHLJKW PHWULFV ZLWK FDQRS\ KHLJKW +20( DQG 9'5 )LJXUH E
GHSLFWV WKH9'5JURXSHG LQWR ILYH GHQVLW\ FODVVHV 7KH SL[HOV KLJKOLJKWHG LQ UHG DQG RUDQJH
KDYH9'5YDOXHVUDQJLQJIURP±LQGLFDWLQJWKHPDMRULW\RIWKHUHIOHFWHGHQHUJ\LVIURP
WKHXSSHUSRUWLRQRIWKHFDQRS\3L[HOVFRORUHGVKDGHVRIJUHHQKDYH9'5YDOXHVUDQJLQJIURP
 ±  DQG LQGLFDWH WKDW WKH HQHUJ\ LV PRUH HYHQO\ GLVWULEXWHG WKURXJKRXW WKH HQWLUH KHLJKW
SURILOHRIWKHYHJHWDWLRQ)URPDQHFRORJLFDOSHUVSHFWLYH9'5FDQEHXVHGWR LQGLFDWHZKLFK
SRUWLRQV RI WKH ODQGVFDSH KDYH PRUH RU OHVV XQGHUVWRU\ ZKLFK FRXOG LGHQWLI\ WKH SRWHQWLDO
DYDLODELOLW\RIHFRORJLFDOQLFKHV

  
 D      E
)LJXUHD)DOVHFRORUFRPSRVLWHRIKHLJKWPHWULFVFDQRS\KHLJKW+20(DQG9'5E&RORUFRGHG
PDSRIYHUWLFDOGLVWULEXWLRQUDWLR9'5

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
$690FODVVLILHUXVLQJWKHVDPHWUDLQLQJDQGWHVWLQJGDWDDVSUHYLRXVO\GHVFULEHGZDVUXQRQ
KHLJKW PHWULF LQSXWV LH FDQRS\ KHLJKW +20( DQG 9'5 WR SURGXFH D ODQGFRYHU
FODVVLILFDWLRQPDS7KH WKHPDWLFRXWSXW IURP WKH690LV VKRZQ LQ)LJXUHDQG DQDFFXUDF\
PDWUL[LVSURYLGHGLQ7DEOH7KHWKHPDWLFRXWSXWE\LQFOXGLQJRQO\WKHVHWKUHHLQSXWIHDWXUHV
UHVXOWHG LQ PLVFODVVLILFDWLRQ DQG FRQIXVLRQ EHWZHHQ WKH 2DN ZRRGODQG DQG &HGDU (OP
ZRRGODQG FODVVHV 6SHFLILFDOO\ RQO\ RQH SL[HO RI WKH 2DN :RRGODQG FODVV ZDV FRUUHFWO\
LGHQWLILHG7KHVHUHVXOWVGHPRQVWUDWHWKHLPSRUWDQFHRIDGGLWLRQDOZDYHIRUPSDUDPHWHUVVXFKDV
LQWHJUDWHGFDQRS\HQHUJ\DPSOLWXGHDQGSXOVHZLGWKWRFKDUDFWHUL]HDQGFODVVLI\WKHYHJHWDWLRQ

7DEOH  $FFXUDF\0DWUL[RI690FODVVLILFDWLRQUHVXOWVXVLQJKHLJKWPHWULFVRQO\LQSL[HOV
 *UDVV 2DN -XQLSHU 1HZ
-XQLSHU
&HGDU
(OP
USERS 
pixels 
USERS
 % 
*UDVV      570 99.8 
2DN:RRGODQG      5 20.0 
-XQLSHU
:RRGODQG
     440 90.7 
<RXQJ-XQLSHU      203 97.0 
&HGDU(OP      1106 47.9 
PRODUCERS 
pixels 
569 586 409 230 530   
PRODUCERS 
% 
100.0 0.2 97.5 85.6 100.0  72.9 
7RWDO   .DSSDFRHIILFLHQW



)LJXUH7KHPDWLFRXWSXWIURP690FODVVLILFDWLRQXVLQJRQOLGDUKHLJKWPHWULFVDVLQSXWV



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
4. Discussion   
 
7KHUHVXOWVZKHQXVLQJZDYHIRUPOLGDUSDUDPHWHUVWRFODVVLI\ODQGFRYHUEDVHGRQVWUXFWXUDORU
PRUSKRORJLFDOGLIIHUHQFHVZLWKLQWKHFDQRS\DUHHQFRXUDJLQJKRZHYHUWKHVFRSHRIWKLVVWXG\
ZDV OLPLWHG WR D ZRRGHG VDYDQQD HFRV\VWHP LQ FHQWUDO 7H[DV 7UDGLWLRQDOO\ ZDYHIRUP OLGDU
SDUDPHWHUVVXFKDVFDQRS\KHLJKWVORSHRIWKHOHDGLQJHGJHDQG+20(DUHXVHGDVYDULDEOHVWR
SUHGLFW ELRPDVV RU RWKHU FDQRS\ VWUXFWXUH YDULDEOHV 'UDNH HW DO 1HOVRQ HW DO 
7KHVH VWXGLHV RIWHQ HPSOR\ GLIIHUHQW DOORPHWULFPRGHOV EDVHG RQ ODQGFRYHU W\SLFDOO\ GHULYHG
IURPRWKHUVHQVRUVHJ02',6RU/DQGVDWRUVWUDWLI\WKHRXWSXWEDVHGRQODQGFRYHUW\SH7KH
UHVHDUFK SUHVHQWHG KHUH LV D QRYHO DSSOLFDWLRQ RI ZDYHIRUP OLGDU GDWD WR LPSURYH
FKDUDFWHUL]DWLRQ RI WHUUHVWULDO HFRV\VWHPV 7KH DELOLW\ WR FODVVLI\ ODQGFRYHU GLUHFWO\ IURP WKH
ZDYHIRUP OLGDU GDWD EDVHG RQ PRUSKRORJLFDO GLIIHUHQFHV LQ WKH YHJHWDWLRQ VWUXFWXUH VKRZV
SRWHQWLDO DV DQ HIIHFWLYH XWLOL]DWLRQ RI WKLV GDWD 7KLV DELOLW\ LV LPSRUWDQW IRU DUHDV WKDW DUH
VSDWLDOO\ KHWHURJHQHRXV DQG WKHUHIRUH WRR VSHFWUDOO\PL[HG LQRSWLFDO LPDJHU\ 7KLV WHFKQLTXH
FRXOG EH DSSOLHG DQG WHVWHG IRU RWKHU VLPLODU HFRV\VWHPV ZLWK KRPRJHQHRXV SRFNHWV RI
YHJHWDWLRQ

,Q WKLV VWXG\ OLGDU ZDYHIRUP SDUDPHWHUV VXFK DV DPSOLWXGH SXOVH ZLGWK ULVH WLPH FDQRS\
KHLJKWDQGLQWHJUDWHGFDQRS\HQHUJ\UHVXOWHGLQDODQGFRYHUFODVVLILFDWLRQDFFXUDF\7KH
VDPH PHWKRGRORJ\ KRZHYHU FRXOG EH DSSOLHG WR RWKHU HFRV\VWHP W\SHV WR DVFHUWDLQ DV WR
ZKHWKHU WKH VDPHZDYHIRUPSDUDPHWHUV DUH XVHIXO 6LQFH KHLJKW DQG RWKHU KHLJKWPHWULFV DUH
UHODWLYHO\ HDV\ WR GHULYH IURP OLGDU GDWD D VLPLODU ODQGFRYHU FODVVLILFDWLRQ ZDV LPSOHPHQWHG
XVLQJ RQO\ KHLJKW PHWULFV FDQRS\ KHLJKW +20( DQG 9'5 DQG WKH UHVXOWV ZHUH OHVV
VXFFHVVIXO ,Q SDUWLFXODU WKH 2DN ZRRGODQG ZDV FRPSOHWHO\ PLVFODVVLILHG DV &HGDU (OP
ZRRGODQG 7KLVPLVFODVVLILFDWLRQ LQGLFDWHV WKDW DGGLWLRQDOZDYHIRUP OLGDU SDUDPHWHUV VXFK DV
FDQRS\HQHUJ\ DPSOLWXGHDQGSXOVHZLGWKDUH LPSRUWDQW WRGLVFULPLQDWH WKHVHPRUSKRORJLFDO
FODVVHV $Q HIIHFWLYH XWLOL]DWLRQ RI OLGDU ZDYHIRUPV IRU ODQGFRYHU FODVVLILFDWLRQ UHOLHV XSRQ
GLIIHUHQWPRUSKRORJLHVRIWKHYHJHWDWLRQDVWKLVLQIRUPDWLRQLVLQKHUHQWO\ZKDWLVUHFRUGHGLQWKH
ZDYHIRUPGDWD

$QDO\VLV RI ODUJHIRRWSULQW DLUERUQH DQG VSDFHEDVHG ODVHU ZDYHIRUPV KDV EHHQ DQ DFWLYH
UHVHDUFK WRSLF IRU WKH SDVW GHFDGH DQG PRVW UHFHQWO\ VPDOOIRRWSULQW IXOOZDYHIRUP ODVHU
PDSSLQJ V\VWHPV DUH HQWHULQJ WKH FRPPHUFLDO PDUNHW ZKLFK FDQ SURYLGH DGGLWLRQDO GHWDLO
EH\RQG GLVFUHWH UHWXUQ V\VWHPV &RPPHUFLDO YHQGRUV VXFK DV 2SWHFK DQG 5HLJO RIIHU
IXOOZDYHIRUP GLJLWL]DWLRQ FDSDELOLWLHV ZLWK WKH QHZ ODVHU V\VWHPV IRU VDOH 2YHU YHJHWDWLRQ
IXOOZDYHIRUP OLGDU GDWD SURYLGH D GHWDLOHG GHVFULSWLRQ RI FDQRS\ VWUXFWXUH DORQJ WKH ODVHU
OLQHRIVLJKWVLQFHWKHUHWXUQHGODVHUZDYHIRUPFRQVLVWVRIWKHUHIOHFWHGODVHUHQHUJ\WKURXJKWKH
FDQRS\/DUJHIRRWSULQWZDYHIRUPVDUHQRWW\SLFDOO\XWLOL]HGIRUFODVVLI\LQJODQGFRYHUKRZHYHU
WKLVUHVHDUFKKDVVKRZQWKDWZDYHIRUPOLGDUPHWULFVIURPVPDOOIRRWSULQWV\VWHPVDUHXVHIXOIRU
FODVVLI\LQJODQGFRYHUDQGFKDUDFWHUL]LQJWKHWHUUDLQ7KLVFDSDELOLW\WRPDSODQGFRYHUEDVHGRQ
GLIIHUHQW YHJHWDWLRQ PRUSKRORJLHV LV SDUWLFXODUO\ UHOHYDQW IRU HFRORJLVWV RU QDWXUDO UHVRXUFH
PDQDJHUV ZKR PD\ RULJLQDOO\ EH UHTXLUHG WR FROOHFW WZR OLGDU VXUYH\V RQH DW OHDIRII WR
GLVFULPLQDWH HYHUJUHHQ IURP GHFLGXRXV YHJHWDWLRQ XVLQJ GLVFUHWH UHWXUQ OLGDU DQG DJDLQ DW
OHDIRQWRPDSWKHFURZQDUHDDQGFDQRS\KHLJKWIRUDOOYHJHWDWLRQW\SHV8VLQJVPDOOIRRWSULQW
ZDYHIRUP OLGDU WKH SRWHQWLDO WR PDS FDQRS\ DQG ODQGFRYHU EDVHG RQ VWUXFWXUH RU YHUWLFDO
FRQILJXUDWLRQ IURP RQO\ RQH OLGDU VXUYH\ RSHQV QHZ SRVVLELOLWLHV IRU HFRORJLFDO PDSSLQJ
DSSOLFDWLRQVDQGVDYHVPRQH\ 

$ UHVHDUFK DUHD WKDW VKRXOG EH DGGUHVVHG LQ IXWXUH ZRUN LV WR GHWHUPLQH LI WKHUH DUH RWKHU
ZDYHIRUPPHWULFV WKDW FDQ EH GHULYHG IURP VPDOOIRRWSULQWZDYHIRUP OLGDU WKDW FDQ LPSURYH
HVWLPDWHV RI YHJHWDWLRQ VWUXFWXUH 2QH FKDOOHQJH ZLWK XVLQJ ZDYHIRUP GHULYHG SDUDPHWHUV LV
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WKHLUGLUHFWLQWHUSUHWDELOLW\ZLWKYHJHWDWLRQWKDWFDQEHPHDVXUHGDQGYDOLGDWHGLQWKHILHOGDWD
ILQHVSDWLDOVFDOH)RUH[DPSOHLVWKHULVHWLPHRIWKHOHDGLQJHGJHFRUUHODWHGZLWKFURZQFORVXUH
RUSHQHWUDWLRQLQWRWKHFDQRS\",QSUHYLRXVUHVHDUFKWKHHQHUJ\SHQHWUDWLRQLQGH[(3,ZKLFK
LVDUDWLRRIJURXQGHQHUJ\WRWRWDOZDYHIRUPHQHUJ\ZDVVKRZQWREHUHODWHGWRFDQRS\FRYHU
IRU ODUJH IRRWSULQW V\VWHPV LH ,&(6DW*/$6 DQG LV D JRRG LQGLFDWRU IRU FDQRS\
FKDUDFWHUL]DWLRQ 1HXHQVFKZDQGHU HW DO  3RSHVFX HW DO  +RZHYHU DW D VPDOOHU
IRRWSULQW VL]H WKH SK\VLFDO LQWHUSUHWDWLRQ RI WKH ZDYHIRUP GDWD DUH GLIIHUHQW WKDQ ZLWK ODVHU
ZDYHIRUPV FROOHFWHG IURP ODUJH IRRWSULQW V\VWHPV )RU H[DPSOH D VPDOOIRRWSULQW ZDYHIRUP
ZLWK D IRRWSULQW GLDPHWHU RI  FP ZLOO RQO\ GHVFULEH D SRUWLRQ RI WKH WUHH VWUXFWXUH ,W LV
VXJJHVWHG WKDW ILQHVFDOHZDYHIRUPGDWDEH DJJUHJDWHG WR WKH WUHHOHYHO WR FRPSXWH WUHHOHYHO
VWDWLVWLFVZKLFKFDQ WKHQEHYDOLGDWHGZLWK ILHOGGHULYHGPHDVXUHPHQWVZKLOH WKHZLWKLQWUHH
YDULDELOLW\FDQVWLOOSURYLGHVXEWOHGLVFULPLQDWLRQFDSDELOLWLHVIRUGLIIHUHQWYHJHWDWLRQW\SHV 

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Abstract  
 
$QLPSRUWDQWDSSOLFDWLRQRI WHUUHVWULDO ODVHUVFDQQLQJLV WKHH[WUDFWLRQRIWUHHVWHPPRGHOV IRU
GLDPHWHUDWEUHDVWKHLJKW'%+DVVHVVPHQWDQGIRUHVWLQYHQWRU\0XFKZRUNKDVEHHQGRQHWR
DXWRPDWHWKLVSURFHVVXVLQJDGMDFHQWFRUHJLVWHUHGOLGDUVFDQV([LVWLQJVWXGLHVKRZHYHUKDYH
IRFXVHGRQSUHUHJLVWHUHGSRLQWFORXGVREWDLQHGIURPFRPPHUFLDOOLGDUV\VWHPV:HHQYLVLRQDQ
DIIRUGDEOH DQG HIILFLHQW SRUWDEOH OLGDU KDUGZDUHVRIWZDUH DOWHUQDWLYH IRU IRUHVW VWUXFWXUDO
DVVHVVPHQW)RUVXFKV\VWHPVSRLQWFORXGUHJLVWUDWLRQVRIWZDUHPD\QRWEHDYDLODEOH7KHUHIRUH
ZHKDYHGHYHORSHGDXWRPDWLF WUHHVWHPDQG'%+PRGHOOLQJDSSURDFKHVIRUVLQJOHOLGDUVFDQV
FROOHFWHG IURP DQ RIIWKHVKHOI 6,&. /06 OLGDU V\VWHP :H DVVHVVHG YLVXDO DQG
TXDQWLWDWLYHDFFXUDF\IRUDXWRPDWLFWUHHH[WUDFWLRQLQDGHQVHKHWHURJHQHRXVP[PIRUHVW
VLWH:H IRXQG WKDW PRGHOOLQJ WDSHUHG F\OLQGHUV WR WKH OLGDU SRLQW GLVWULEXWLRQ RI WUHH VWHPV
SUHVHQWV D YLDEOH DOJRULWKP IRU RXU VLQJOHVFDQ OLGDU V\VWHP HYHQ LQ FOXWWHUHG KHWHURJHQHRXV
IRUHVWHQYLURQPHQWV7KLVZRUNGHPRQVWUDWHVWKHSRWHQWLDOIRUIRUHVWLQYHQWRU\XVLQJDIIRUGDEOH
RIIWKHVKHOIOLGDUV\VWHPVDQGRIIHUVVXJJHVWLRQVIRUIXWXUHUHVHDUFK

1. Introduction 
 
7HUUHVWULDO ODVHU VFDQQLQJ OLJKW GHWHFWLRQ DQG UDQJLQJ OLGDU KDV EHFRPH DQ LQFUHDVLQJO\
LPSRUWDQWWRROIRUIRUHVWVWUXFWXUHDVVHVVPHQWLQUHFHQW\HDUV/DVHUVFDQQLQJWHFKQRORJ\UHFRUGV
WKH UHWXUQ WULS WLPH IURP ODVHU HPLVVLRQ WR WDUJHW EDFNVFDWWHU WR ILQDO GHWHFWLRQ RI D
EDFNVFDWWHUHG ODVHUSXOVHIRUDVHULHVRI VFDQPLUURUSRVLWLRQV5DQJHGLVWDQFH WR WKHREMHFW LV
FRPSXWHGEDVHGRQWKHVSHHGRIOLJKWDQGDVDUHVXOWDGHQVH'SRLQWFORXGLVJHQHUDWHG7KLV
ULFKGDWDVRXUFHKROGVWKHSRVVLELOLW\RIH[WUDFWLQJPDQ\IRUHVWVWUXFWXUHSDUDPHWHUVLQFOXGLQJ
WKRVH WKDW ZRXOG EH XQIHDVLEOH WR FROOHFW XVLQJ WUDGLWLRQDO ILHOGPHWKRGV HJ VWHP YROXPH
VZHHS IOH[XRVLW\ DQGEUDQFK VWUXFWXUH *RUWH DQG3IHLIHU 2WKPDQLet al <HW
GXH WR WKH FRPSOH[LW\ RI VHJPHQWDWLRQ LQ IRUHVWHG HQYLURQPHQWV PRVW VWXGLHV VR IDU KDYH
IRFXVHGRQWKHH[WUDFWLRQRILQGLYLGXDOWUHHGLDPHWHUDWEUHDVWKHLJKW'%+DQGFRUUHVSRQGLQJ
VWHPGHQVLWLHV 6LPRQVHet al$VFKRIIet al0DDVet al2WKPDQLet al
 

6LJQLILFDQWDGYDQFHVKDYHEHHQPDGHLQUHFHQW\HDUVWRDXWRPDWLFDOO\PHDVXUHDQGH[WUDFWWUHH
'%+RQ DQ RSHUDWLRQDO VFDOH+RZHYHUPRVW DOJRULWKPV UHO\ RQ H[SHQVLYH FRPPHUFLDO OLGDU
V\VWHPV DQG DVVRFLDWHG SURSULHWDU\ VRIWZDUH )XUWKHUPRUH WKH GDWD DFTXLVLWLRQ WLPH RI PRVW
FRPPHUFLDO V\VWHPV SURKLELWV ODUJHVFDOH LQYHQWRU\:H HQYLVLRQ DQ DIIRUGDEOH DQG HIILFLHQW
WHUUHVWULDO OLGDU KDUGZDUH DQG VRIWZDUH VROXWLRQ WKDW FDQ EH XWLOL]HG IRU IRUHVW LQYHQWRU\ DQG
DVVHVVPHQWRXWVLGHWKHGRPDLQRIUHVHDUFKDQGDFDGHPLD6XFKDSURGXFWDOJRULWKPVXLWHFRXOG
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 2 
VHUYHDVDQDOWHUQDWLYHWRWUDGLWLRQDOIRUHVWLQYHQWRU\WHFKQLTXHV 

$VVXFKZHKDYHLQWHJUDWHGD6,&./06ODVHUVFDQQLQJV\VWHPZLWKDURWDWLRQVWDJHDQG
SRUWDEOH FRPSXWHU DW D FRVW RI XQGHU 86 2XU V\VWHP DOORZV UDSLG DQG HFRQRPLFDO
IRUHVWVWUXFWXUHGDWDDFTXLVLWLRQ,WLVRXUJRDOWRGUDZXSRQWKHWRROVGHYHORSHGIRUWUHHVWUXFWXUH
H[WUDFWLRQ VSHFLILFDOO\ '%+ WR H[SDQG RXU V\VWHP IXQFWLRQDOLW\ WRZDUGV DXWRPDWLFDOO\
H[WUDFWLQJ WUHH VWHP PRGHOV 6SHFLILFDOO\ ZH KRSH WR LQYHVWLJDWH WKH H[WHQVLRQ RI '%+
H[WUDFWLRQWHFKQLTXHVWRVLQJOHOLGDUVFDQV 

7KHPDMRULW\ RI SUHYLRXV VWXGLHV IRFXVRQPRGHOOLQJ WUHH VWHPV IURPPXOWLSOH SUHUHJLVWHUHG
VFDQV RI D FHQWUDO ORFDWLRQ 6LPRQVH et al  $VFKRII et al  0DDV et al 
2WKPDQLet al(PSKDVLVRQPXOWLSOHVFDQDOJRULWKPVKDVVRIDUEHHQPRWLYDWHGE\WKH
GHFUHDVHGPHDVXUHPHQWHUURUGXHWRIHZHURFFOXVLRQVRIWKHODVHUEHDPE\XQGHUVWRU\:DWWDQG
'RQRJKXH  ,Q RWKHUZRUGV DGMDFHQW VFDQVPD\ SURYLGH D YLHZ RI WKH WDUJHW WKDWZDV
RWKHUZLVH REVFXUHG LQ WKH VLQJOH VFDQ 7UDGLWLRQDO WHUUHVWULDO OLGDUEDVHG '%+DSSUR[LPDWLRQ
PHWKRGVFRQVLGHUSRLQWV IURPDFPWKLFNKRUL]RQWDO]VOLFHFHQWUHGDWPDERYHJURXQG$
VLQJOHFLUFOHLVILWWHGWRWKH'SURMHFWLRQRIWKHVHSRLQWV2SHUDWLRQDOO\WKLVSURFHGXUHPD\EH
DSSOLHGDWYDU\LQJKHLJKWVDERYHJURXQG2WKPDQLet alYDQ/HHXZHQet al ,Q
FRQWUDVW UHODWLYHO\ IHZ VWXGLHVKDYH FRQVLGHUHG WUHHVWHPFKDUDFWHUL]DWLRQ IURPDVLQJOH VFDQ
7KH FKDOOHQJHV LQWURGXFHG E\ VLQJOH VFDQV DUH VHYHUDO )LUVW D VLQJXODU VFDQ SRVLWLRQ FDXVHV
REVFXUDWLRQUDGLDOO\RXWZDUGIURPHDFKLQWHUFHSWHGREMHFW6HFRQGSRLQWGHQVLW\DQGUHVROXWLRQ
GHFUHDVHUDGLDOO\GXHWRWKHODVHUEHDPGLYHUJHQFH,QRQHSLORWVWXG\WKHUDWHRIWUHHGHWHFWLRQ
IURPVLQJOHVFDQVZDVOHVVWKDQKDOIWKDWIRUPXOWLSOHVFDQV7KLHVDQG6SLHFNHU 

+RZHYHUGHVSLWHWKHFKDOOHQJHVLQWURGXFHGIURPVLQJOHVFDQDOJRULWKPVWKHUHDUHDGYDQWDJHV,W
LVFOHDUWKDWDVLQJOHSDQRUDPLFVFDQLVSUHIHUDEOHHFRQRPLFDOO\7KLHVDQG6SLHFNHU$
UREXVW VLQJOHVFDQ DOJRULWKP FRXOG YDVWO\ LQFUHDVH RSHUDWLRQDO HIILFLHQF\ IRU ILHOG FUHZV:H
VXJJHVWWKDWDEDODQFHFDQEHDFKLHYHGEHWZHHQHIILFLHQF\DQGDFFXUDF\E\WDNLQJDGYDQWDJHRI
WKHIXOO VWUXFWXUDO LQIRUPDWLRQDYDLODEOHIURPDVLQJOH ODVHU VFDQ ,QVWHDGRI ILWWLQJSRLQWV WRD
FLUFOHDWPZHZLOOXWLOL]HWKHIXOOVHWRISRLQWVEHWZHHQPDQGPDERYHJURXQGDQGILW
WDSHUHGF\OLQGHUV+HUHZHSUHVHQWSUHOLPLQDU\UHVXOWVRIDOJRULWKPGHYHORSPHQWIRUVLQJOHVFDQ
WUHHVWHPPRGHOOLQJE\PRGHOOLQJWDSHUHGF\OLQGHUVWRWKHKHPLF\OLQGULFDOSRLQWGLVWULEXWLRQRQ
LQGLYLGXDOWUHHEROHV  
 
2. Method 
 
2.1 Study area 
 
2XUVWXG\DUHDLVDKDVHFWLRQRIWKH+HPORFN&DQDGLFH6WDWH)RUHVWORFDWHGDW1
:LQXSVWDWH1HZ<RUN)LJXUH7KH+HPORFN&DQDGLFH6WDWH)RUHVWOLHVDGMDFHQW
WR+HPORFN/DNHWKHZDWHUVRXUFHIRUWKHFLW\RI5RFKHVWHU7KHIRUHVW¶VKLVWRU\WUDFHVEDFNWR
WKHHDUO\¶VZKHQ WUDFWVRI ODQG LQ WKHZDWHUVKHGRI+HPORFN/DNHZHUHDFTXLUHGE\ WKH
FLW\WRSURWHFWWKHSXEOLFZDWHUVXSSO\0RVWRIWKHODQGZDVDJULFXOWXUDODWWKHWLPH,QRUGHUWR
SURWHFW WKH TXDOLW\ RI WKHZDWHU DJJUHVVLYH WUHH SODQWLQJ EHJDQ VKRUWO\ DIWHU 3ODQWHG VSHFLHV
LQFOXGHG6FRWVSLQHPinus sylvestrisZKLWHSLQHPinus strobusUHGSLQHPinus resinosaDQG
1RUZD\VSUXFHPicea abiesZKLOHSRFNHWVDUHQDWXUDOO\IRUHVWHG,QVSUHDGRIDIXQJDO
GLVHDVH SURPSWHG WKH XQGHUSODQWLQJ RI VWUHVVHG FRQLIHUVZLWK KDUGZRRG VHHGOLQJV LQ RUGHU WR
UHWDLQIRUHVWFRYHUVKRXOGWKHFRQLIHUVGLH

2.1.1 Site establishment  

:HHVWDEOLVKHGVLWHVRQ WKHZHVWIDFLQJVKRUHRI+HPORFN/DNH LQ WKH+HPORFN&DQDGLFH
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6WDWH )RUHVW 6LWH FHQWUHV DUH VHSDUDWHG E\ DSSUR[LPDWHO\ P GHSHQGLQJ RQ UHVWULFWLYH
FKDUDFWHULVWLFVVXFKDVH[WUHPHVORSHVDWVLWHFHQWUHV(DFKVLWHLVP[PLQGLPHQVLRQ)RU
WKLVZRUNDVLQJOHVLWHZDVVHOHFWHGXVLQJDSVHXGRUDQGRPQXPEHUJHQHUDWRUWRLQYHVWLJDWHWKH
FKDOOHQJHVRIDXWRPDWLFDOO\H[WUDFWLQJWUHHVWHPPRGHOVIURPDVLQJOHOLGDUVFDQ2XUVLWH6LWH
LVDQDWXUDOPL[WXUHRI\RXQJGHFLGXRXVDQGFRQLIHURXVWUHHVRQYDULDEOHWHUUDLQ)LJXUH
0DQ\ FRQLIHU EUDQFKHV DUH SUHVHQW XQGHU P UHVXOWLQJ LQ VLJQLILFDQW YLVXDO RFFOXVLRQ DQG
FOXWWHU


 
)LJXUH2XUVLWHZDVUDQGRPO\VHOHFWHGIURPPDUNHGVLWHVRQWKHZHVWIDFLQJVORSHVRI
+HPORFN&DQDGLFH6WDWH)RUHVWORFDWHGLQXSVWDWH1HZ<RUND7KHVLWHLVDQDWXUDOPL[WXUHRI
GHFLGXRXVDQGFRQLIHURXVWUHHVEPDS*RRJOH0DSV
 
2.1.2 Data 
 
/LGDUGDWDZHUH FROOHFWHG LQ$SULO GXULQJ WKH OHDIRII VHDVRQ XVLQJ WKH6,&./06
OLGDUV\VWHP7KLVV\VWHPKDVDPD[LPXPYHUWLFDOILHOGRIYLHZRIDQDQJXODUVWHSZLGWK
RIDQGDVFDQQLQJ IUHTXHQF\RI+]7KH LQVWUXPHQW LVPRXQWHGRQDURWDWLRQVWDJH WR
SURYLGHILHOGRIYLHZLQD]LPXWKDWDVWHSZLGWK7KHOLGDUEHDPGLYHUJHVWRJLYHDQ
HIIHFWLYHEHDPVL]HRIFPDWP7KHV\VWHPLVWKHQPRXQWHGRQDWULSRGDQGWHWKHUHGWRD
FRPSXWHUDQGSRZHUVXSSO\ZKLFKFDQEHFDUULHGE\WKHRSHUDWRULQDQH[WHUQDOIUDPHEDFNSDFN
)LJXUH7KLVDOORZVUDSLGGDWDDFTXLVLWLRQDWWKHUDWHRIVFDQVKDOIKRXU,QDGGLWLRQZH
PHDVXUHGWKH'%+DQGVWHPORFDWLRQXVLQJDFRPSDVVDQGWDSHPHDVXUHIURPSORWFHQWUHRI
HDFKWUHHRYHUFP'%+ZLWKLQWKHVLWH  

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

 
)LJXUH2XUPRELOHOLGDUV\VWHPDOORZVUDSLGIRUHVWVWUXFWXUHLQYHQWRU\DWDSSUR[LPDWHO\
VFDQVKDOIKRXU 

3. Algorithm 
 
7UHHVWHPPRGHOOLQJZDVSHUIRUPHGE\LWHUDWLYHO\TXHU\LQJDVXEVHWRISRLQWVZLWKLQWKHUHJLRQ
EHWZHHQ  DQG P DERYH JURXQG (DFK VXEVHW RI SRLQWV UHSUHVHQWV D FDQGLGDWH VWHP IRU
F\OLQGHUPRGHOILWWLQJ$PKHLJKW WKUHVKROGZDVFKRVHQWRH[FOXGH WKHPDMRULW\RIEUDQFK
DQGORZHUFDQRS\UHWXUQV3RLQWVZLWKLQWKHVXEVHWZHUHWKHQILWWHGWRPRGHOVRIHLWKHUOLQHVRU
WDSHUHGF\OLQGHUVEDVHGRQWKHQXPEHURISRLQWVZLWKLQWKHVXEVHW7KH'%+ZDVFRPSXWHGDVD
IXQFWLRQRIPRGHOOHGSDUDPHWHUVWKHDOJRULWKPLVGLVFXVVHGLQWKHIROORZLQJVHFWLRQV 

3.1 DTM extraction 
 
7KHGLJLWDO WHUUDLQPRGHO '70GHVFULEHV WKH KHLJKW RI WKH JURXQGZLWK UHVSHFW WR WKH OLGDU
FRRUGLQDWHV\VWHPRULJLQ7KH'70JLYHVD UHIHUHQFH IURPZKLFK'%+FDQEHPHDVXUHG7R
GHULYHWKH'70DVHDUFKZLQGRZLVDSSOLHG WRILQG ORFDOPLQLPDSRLQWV7KHVHDUFKZLQGRZ
VL]HLVUDGLDOO\GHSHQGHQWWRDFFRXQWIRUGHFUHDVLQJSRLQWGHQVLW\ZLWKUDQJH2XWOLHUSRLQWVDUH
GHWHFWHGDQGHOLPLQDWHGEDVHGRQD VORSH WKUHVKROGSUHGHWHUPLQHG IURPNQRZOHGJHRI VFHQH
WHUUDLQ 7KH UHPDLQLQJ SRLQWV DUH LQWHUSRODWHG XVLQJ 'HODXQD\ WULDQJXODWLRQ 7KH ILQDO JULG
SURGXFW LV LQSDLQWHG0DWODE%HUWDOPLRet al., WRHQVXUH'70FRYHUDJHRYHU WKHHQWLUH
VDPSOHDUHD 
 
3.2 Line fitting 
 
/LGDUSRLQWVDUHILWWRDOLQHLIIHZHUWKDQSRLQWVDUHORFDWHGZLWKLQWKHVXEVHW,QRUGHUWR
HVWLPDWHWKHSULQFLSDOGLUHFWLRQRIWKHOLQHHJWKHWUHHVWHPJURZWKDQJOHZHILQGWKHGLUHFWLRQ
RIPD[LPXPYDULDQFHXVLQJSULQFLSDOFRPSRQHQWDQDO\VLV3&$7KHSRVLWLRQRIWKHVWHPWUHH
FHQWUH LV FRPSXWHG IURP WKH LQWHUVHFWLRQ RI WKLV YHFWRUZLWK WKH'707KH VWHP GLDPHWHU LV
HVWLPDWHGIURPWKHVWDQGDUGGHYLDWLRQRISRLQWVLQWKHGLUHFWLRQRUWKRJRQDOWRERWKWKHSULQFLSDO
GLUHFWLRQRIJURZWKDQGWKHOLQHRIVLJKWYHFWRUWRWKHOLGDUVFDQQHU
 
3.3 Cylinder fitting 
 
/LGDUSRLQWVDUHILWWHGWRDWDSHUHGF\OLQGHULIPRUHWKDQSRLQWVDUHFRQWDLQHGLQWKHVXEVHW
$WZRVWDJHDSSURDFKLVXVHGWRDGHULYHDQLQLWLDOHVWLPDWHDQGWKHQELWHUDWLYHO\DGMXVWWKDW
HVWLPDWHWRRSWLPL]HPRGHOSDUDPHWHUV  
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3.3.1 Initial Estimate 

7KHVXFFHVVRIRSWLPL]DWLRQURXWLQHVLVLPSURYHGZKHQDQDGHTXDWHLQLWLDOHVWLPDWHLVVXSSOLHG
:HGHULYHDQLQLWLDOHVWLPDWHIRUWKHF\OLQGHU¶VSULQFLSDOGLUHFWLRQE\FDOFXODWLQJWKHGLUHFWLRQRI
PD[LPXPYDULDQFHXVLQJHLJHQDQDO\VLV7KHVWHPORFDWLRQLVDJDLQFRPSXWHGDVWKHLQWHUVHFWLRQ
RIWKHVKLIWHGHLJHQYHFWRUZLWKWKH'707KHUDGLXVLVHVWLPDWHGIURPWKHGLVWULEXWLRQRISRLQWV
SURMHFWHGRQWR WKHYHFWRURUWKRJRQDO WRERWKWKHILUVWHLJHQYHFWRUDQG WKHYHFWRU WR WKHRULJLQ
7KHLUGHQVLW\GLVWULEXWLRQLVILWWHGWRD6XSHU*DXVVLDQZLWKIUHHSDUDPHWHUVnDQG)LWWLQJWRD
6XSHU*DXVVLDQ DOORZV FRQVLVWHQW VWHP GLDPHWHU HVWLPDWLRQ IRU WUHH VWHPV ZLWK DQG ZLWKRXW
EUDQFKUHWXUQV$QLQLWLDOHVWLPDWHRIWKHWDSHULVIL[HGDFFRUGLQJWRWKH2UPHURGWDSHUHTXDWLRQ
2UPHURG

3.3.2 Optimization 
 
0RGHOOHG WUHH VWHP SDUDPHWHUV DUH LWHUDWLYHO\ DGMXVWHG XVLQJ 7UXVW5HJLRQ5HIOHFWLYH
2SWLPL]DWLRQ &ROHPDQ DQG /L  :H HVWDEOLVK RXU PRGHO DV IROORZV 7KH WDVN LV WR
PLQLPL]H WKH GLVWDQFH RI SRLQWV IURP WKH VXUIDFH RI D WDSHUHG F\OLQGHU A )LJXUH  ZLWK
DUELWUDU\ORFDWLRQ(x0, y0, z0),GLUHFWLRQRIJURZWK(,,),EDVHUDGLXV(r0), DQGWDSHUDQJOH(),Q
RUGHUWRGHULYHDIXQFWLRQDOIRUPIRUWKHHUURUZHWUDQVIRUPWKHSRLQWVWRDYHUWLFDOVWHPFHQWUHG
DW WKH RULJLQ )LJXUH  F\OLQGHU % 7KH WUDQVIRUPDWLRQ PDWUL[ LV GHULYHG IURP WKH FXUUHQW
HVWLPDWHRI(,,) DQG(x0, y0, z0) 

 
)LJXUH$VFKHPDWLFWKDWVKRZVWKHF\OLQGHUILWWLQJSURFHVV

7KHSUREOHPLVWKHQUHFDVWDVPLQLPL]LQJ
 
sum{( x )2 +( y )2 - ( r0 + z * tan())2}    

ZKHUH(x,y,z)DUHWKHREVHUYHGOLGDUSRLQWV7KLVSURFHVVLVLWHUDWHGIRUDOOFDQGLGDWHWUHHVWHPV
ZLWKLQWKHOLGDUSRLQWFORXG7KHUHVXOWLVDOLVWRISDUDPHWHUL]HGWUHHVWHPPRGHOV(DFKPRGHO
LVGHILQHGE\DQ(x,y,z)FRRUGLQDWHGHQRWLQJWKHLQWHUVHFWLRQRIWKHWUHHEROHZLWKWKH'(0WKH
DQJXODURULHQWDWLRQRUGLUHFWLRQRIJURZWK (,,), WKHWDSHUDQJOH(), DQGWKHGLDPHWHUDWEUHDVW
KHLJKWFRPSXWHG$GGLWLRQDOO\WKHLQGLFHVRIWKHLQOLHUSRLQWVWRWKHPRGHODUHVWRUHGIRUSRLQW
FODVVLILFDWLRQHJJURXQGEROHHWF 




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4. Results and Discussion 
 
4.1 Visual Analysis 
 
7RYLVXDOL]HWKHUHVXOWVRIDXWRPDWLFWUHHVWHPH[WUDFWLRQZHJHQHUDWHGD'SDQRUDPLFLPDJH
IURPWKHOLGDUSRLQWFORXG)LJXUH&ROXPQVFRUUHVSRQGWRVDPSOHGVWHSVLQD]LPXWKDQJOH
DQG URZV FRUUHVSRQG WR VDPSOHG VWHSV LQ HOHYDWLRQ DQJOH 7KH LQWHQVLW\ RI HDFK SL[HO ZDV
GHULYHGIURPWKHEDFNVFDWWHUHGQP LQWHQVLW\IRUWKHDSSURSULDWHLQWHUFHSWHGREMHFW 

3RLQWFODVVLILFDWLRQZDVSHUIRUPHGWRSURYLGHDYLVXDODQDO\VLVRIVWHPGHWHFWLRQ8QFODVVLILHG
SRLQWV DUH JUH\ *URXQG SRLQWV GHULYHG IURP WKH '70 DUH EOXH 6WHP SRLQWV GHULYHG IURP
F\OLQGHU ILWWLQJ DUH RUDQJH1RWH WKDW RQO\ SRLQWV XVHG LQ WKH F\OLQGHUILWWLQJPRGHO P WR
P DERYH JURXQG DUH FODVVLILHG *RRG YLVXDO FODVVLILFDWLRQ LV DFKLHYHG HYHQ XQGHU SDUWLDO
RFFOXVLRQYDU\LQJWHUUDLQEUDQFKVWUXFWXUHDQGREMHFWGLVWDQFH 
 
 
 
)LJXUH3RLQWFODVVLILFDWLRQVKRZLQJJURXQGSRLQWVEOXHVWHPSRLQWVRUDQJHDQGXQFODVVLILHGSRLQWV
JUH\DVSURMHFWHGRQWRD'SDQRUDPLFLPDJH7UHHVZLWK!FP'%+ZLWKLQDP[PVLWHVXEVHW
DUHODEHOHGDFFRUGLQJWRLQYHQWRU\QXPEHU
 
4.1 Quantitative Analysis 
 
4XDQWLWDWLYHPRGHODFFXUDF\ZDVHYDOXDWHGE\LGLUHFWFRPSDULVRQ WRPDSSHGDQGPHDVXUHG
WUHHEROHVZLWKLQDP[P VLWHVXEVHWDQGLLVWHPGLDPHWHUGLVWULEXWLRQFRPSDULVRQZLWKLQ
WKHIXOOP[P VLWH)RUGLUHFWFRPSDULVRQEHWZHHQEROHVWKH'%+RIHDFKWUHHJUHDWHUWKDQ
FP '%+ ZDV PHDVXUHG DQG PDSSHG XVLQJ D FRPSDVV DQG WDSH PHDVXUH 0HDVXUHG '%+
YDOXHVZHUHFRPSDUHGWRWKHHVWLPDWHG'%+YDOXHVIRUDOOWUHHVZLWKLQWKHP[P VXEVHW
0HDVXUHPHQW HUURU ZDV FDOFXODWHG EDVHG RQ WKH OLGDU EHDP GLYHUJHQFH %HDP GLYHUJHQFH
LQWURGXFHV PHDVXUHPHQW HUURU GXH WR WKH SRVVLELOLW\ RI SDUWLDOO\ LQWHUFHSWHG REMHFWV $W D
GLVWDQFHx IURPWKHDSHUWXUHWKHOLGDUEHDPGLYHUJHVWRDZLGWKd DFFRUGLQJWR(TXDWLRQ  

d [m]  = 008 [m] + 0.015 * x [m]  (2) 
 
,QDGGLWLRQDVLPSOHOLQHDUUHJUHVVLRQZDVFDOFXODWHG(TXDWLRQUHODWLQJPHDVXUHGDQG
HVWLPDWHG'%+YDOXHV)LJXUH

Estimated DBH = 0.071 + 0.805*Measured DBH (3) 

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)LJXUH'LUHFWFRPSDULVRQEHWZHHQHVWLPDWHGDQGPHDVXUHG'%+
 
7KHVHFRQGPHWKRGIRUPRGHOHYDOXDWLRQFRPSDUHGVWHPGLDPHWHUGLVWULEXWLRQVDFURVVWKHHQWLUH
P[P VLWH )LJXUH. ,QRWKHUZRUGV WKHGLVWULEXWLRQRI LQYHQWRULHG WUHHGLDPHWHUVZDV
FRPSDUHG WR WKDW RI WKH HVWLPDWHG WUHH GLDPHWHUV ZLWKRXW UHJDUG IRU ORFDWLRQ7KLV SHUPLWWHG
PRGHO HYDOXDWLRQ DFURVV WKH HQWLUH VLWHZKHQ LQGLYLGXDO WUHH FRPSDULVRQZDV LQIHDVLEOH ,W LV
H[SHFWHGWKDWWKHOLGDUGHULYHGVWHPFRXQWVVKRXOGEHORZHUWKDQWKHDFWXDOVWHPFRXQWVGXHWR
WKHRFFOXVLRQRIREMHFWVIURPDVLQJOHOLGDUVFDQ7KLVSKHQRPHQRQVKRXOGPDQLIHVWLWVHOILQDQ
HVWLPDWHGGLDPHWHUGLVWULEXWLRQVKLIWHGEHORZWKHDFWXDOGLDPHWHUGLVWULEXWLRQLH IHZHU WUHHV
GHWHFWHG DWHDFK'%+ELQ+RZHYHU )LJXUH VKRZVD VOLJKW RYHUHVWLPDWLRQRI VWHPFRXQWV
7KLVUHYHDOVDKLJKIDOVHDODUPUDWHLQWUHHGHWHFWLRQWKDWZDVGLIILFXOWWRYLVXDOL]HLQWKHSRLQW
FODVVLILFDWLRQ LPDJH )LJXUH  )DOVH DODUPV PD\ EH GLIILFXOW WR YLVXDOL]H LQ WKH SRLQW
FODVVLILFDWLRQ LPDJH LI RQO\ IHZ SL[HOV FRQWULEXWH WR D FRPSXWHG WUHH VWHPPRGHO7KHUHIRUH
IXWXUHZRUNVKRXOGDGGLWLRQDOO\YLVXDOL]HWUHHVWHPPRGHOVDVREMHFWVLQ'VSDFH
 
 
)LJXUH6WHP'%+GLVWULEXWLRQFRPSDULVRQEHWZHHQHVWLPDWHGDQGPHDVXUHGYDOXHV

7KHVHDQDO\VHVZHUHGHULYHGIURPDVLQJOHOLGDUVFDQFROOHFWHGIURPDQDIIRUGDEOHRIIWKHVKHOI
LQVWUXPHQW 1R SURSULHWDU\ SUHSURFHVVLQJ RU UHJLVWUDWLRQ VRIWZDUH ZDV QHHGHG DQG VFDQQLQJ
WLPHZDVOHVVWKDQRQHPLQXWH7KLVZRUNVXJJHVWVWKHSRWHQWLDOIRUHIILFLHQWODUJHVFDOHIRUHVW
LQYHQWRU\LQWKHIXWXUHXVLQJHFRQRPLFDOOLGDUV\VWHPVVXFKDVWKH6,&./06  

5. Conclusion  
 
$QLPSRUWDQWDSSOLFDWLRQRI WHUUHVWULDO ODVHUVFDQQLQJLV WKHH[WUDFWLRQRIWUHHVWHPPRGHOV IRU
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'%+DVVHVVPHQWDQG IRUHVW LQYHQWRU\:HGHYHORSHGDPHWKRG IRUVLQJOHVFDQVWHPGHWHFWLRQ
EDVHG RQ H[LVWLQJ PHWKRGV IRU PXOWLSOHVFDQ V\VWHPV:H SHUIRUPHG YLVXDO DQG TXDQWLWDWLYH
DVVHVVPHQWRIDXWRPDWLFWUHHVWHPH[WUDFWLRQ:HIRXQGWKDWPRGHOOLQJWDSHUHGF\OLQGHUVWRWKH
OLGDUSRLQWGLVWULEXWLRQRIWUHHVWHPVSUHVHQWVDYLDEOHDOJRULWKPIRURXUVLQJOHVFDQOLGDUV\VWHP
HYHQ LQ FOXWWHUHG KHWHURJHQHRXV IRUHVW HQYLURQPHQWV 7KLV KDV VLJQLILFDQW LPSDFW IRU IXWXUH
UHVHDUFKVXJJHVWLQJ WKDWRIIWKHVKHOIVLQJOHVFDQ OLGDUV\VWHPVFRXOGH[WHQG WKHDFFHVVLELOLW\
RIIRUHVWVWUXFWXUHDVVHVVPHQWWRFRVWOLPLWHGDSSOLFDWLRQV 

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Comparing performances of ALS and Landsat 7 ETM+ satellite 
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Abstract 

(70 VDWHOOLWH LPDJHV KDYH WUDGLWLRQDOO\ EHHQ XVHG WR SURYLGH DX[LOLDU\ GDWD IRU ODUJHDUHD
IRUHVW LQYHQWRULHV 2QH RI WKHLU DGYDQWDJHV LV WKHLU ODUJH JHRJUDSKLF FRYHUDJH 7KHLU
GLVDGYDQWDJHVLQFOXGHWKHPHGLXPUHVROXWLRQDQGODFNRI'LQIRUPDWLRQ7KHVHGLVDGYDQWDJHV
FDQEHFRPSHQVDWHGWKURXJKWKH$LUERUQH/DVHU6FDQQLQJ$/6GDWDLQFRPELQDWLRQZLWKDHULDO
LPDJHV)LQQLVK)RUHVWU\&HQWUHVXVH$LUERUQH/DVHU6FDQQLQJ$/6GDWDLQFRPELQDWLRQZLWK
DHULDOLPDJHVIRUVPDOOVFDOHIRUHVWLQYHQWRULHVLQWKHPDQDJHPHQWSODQQLQJRISULYDWHO\RZQHG
IRUHVWV)RUGLIIHUHQWIRUHVWPDQDJHPHQWWDVNVLQGLIIHUHQWODQGFODVVDUHDVGLIIHUHQWVHWVRI$/6
IHDWXUHV DUH XVHG 7KH JRDO RI WKLV VWXG\ZDV WR LQYHVWLJDWH WKH SHUIRUPDQFH RI$/6 GDWD LQ
FRPELQDWLRQZLWK VDWHOOLWH RSWLFDO GDWD IRU ODUJHDUHD IRUHVW VWUDWLILFDWLRQEDVHG LQYHQWRULHV LQ
RUGHU WR LQFUHDVH WKH HVWLPDWLRQ DFFXUDF\ (OOLSVRLG VWUDWLILFDWLRQZDV XVHG ,WZDV IRXQG WKDW
ZLWK DQ LQFUHDVLQJ QXPEHU RI VWUDWD IRU VWUDWLILFDWLRQ WKH VWDQGDUG HUURU IRU WKH WRWDO VWHP
YROXPHZDVIRXQGWRGHFUHDVHDQGVWDELOL]H

1. Introduction  

)RUHVW UHVRXUFH LQIRUPDWLRQ LV JDWKHUHG IRU ODUJHVFDOH VWUDWHJLF SODQQLQJ RSHUDWLYH IRUHVW
PDQDJHPHQW DQG SUHKDUYHVW SODQQLQJ ([DPSOHV RI LQYHQWRULHV XQGHUWDNHQ IRU ODUJHVFDOH
VWUDWHJLF SODQQLQJ DUH QDWLRQDO IRUHVW LQYHQWRULHV 1),V ZKLFK JDWKHU LQIRUPDWLRQ DERXW
QDWLRQZLGH IRUHVW UHVRXUFHV VXFK DV JURZLQJ VWRFN YROXPH IRUHVW FRYHU JURZWK DQG \LHOG
ELRPDVV FDUERQ EDODQFH DQG ODUJHVFDOHZRRG SURFXUHPHQW SRWHQWLDO ,W LV LPSRUWDQW WKDW WKH
UHVXOWVIRUWKH1),SURYLGHDFFXUDWHDQGXQELDVHGHVWLPDWHVRIWKHUHVRXUFH

/DVHU VFDQQLQJ GDWD LV D IDUPRUH H[SHQVLYH DX[LOLDU\ GDWD WKDQ HJ VDWHOOLWH LPDJHV 7KXV
VWUDWHJLF ODUJHDUHD IRUHVW LQYHQWRULHV DUH VWLOO EDVHG HLWKHU VROHO\ RQ ILHOG PHDVXUHPHQWV
QDWLRQDOOHYHORUDIXVLRQRIILHOGGDWDDQGVDWHOOLWHLPDJHV$WWKHFRXQW\OHYHO$/6LQYHQWRU\
KDVEHHQVWXGLHG1 VVHWWHVWHGDUHDEDVHGDSSURDFK$%$LQDNPDUHDLQ1RUZD\
7KH DFFXUDF\ RI WKH SUHGLFWHG SORW OHYHO YROXPH ZDV  DQG WKH UHVSHFWLYH
VWDQGOHYHODFFXUDF\ZDV+ROPJUHQDQG-RQVRQFRQGXFWHGDVLPLODUVWXG\
LQDNPDUHDLQ6ZHGHQZLWKDVWDQGOHYHOYROXPH506(RI,QWKHDIRUHPHQWLRQHG
VWXGLHV$/6GDWD FRYHUHG WKH HQWLUH VWXG\ DUHD ,Q UHFHQW \HDUV HYHQ ODUJHU DUHDVKDYH EHHQ
LQYHQWRULHGRSHUDWLRQDOO\XVLQJ$%$$WWKHQDWLRQDOLQYHQWRU\OHYHOLWLVQRWIHDVLEOHWRDFTXLUH
ZDOOWRZDOO$/6GDWDIRUIRUHVWLQYHQWRU\SXUSRVHV 

+RORSDLQHQ DQG+\\SSl  DQG1 VVHW HW DO  VXJJHVWHG WKH XVH RI$/6 GDWD LQ
VWULSEDVHGVDPSOLQJ7KHUHKDYHEHHQPDQ\VWXGLHVLQZKLFKSURILOLQJ/L'$5KDVEHHQXVHGWR
DFTXLUH VDPSOHG IRUHVW LQYHQWRU\ GDWD HJ 1HOVRQ HW DO D E  1HOVRQ HW DO
LQYHQWRULHGIRUHVWUHVRXUFHVLQWKHVWDWHRI'HODZDUHLQWKH86XVLQJIOLJKWOLQHVZLWK
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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DNPVDPSOLQJGLVWDQFH7KHLUWLPEHUYROXPHHVWLPDWHDW WKHFRXQW\DQGVWDWHOHYHOGLIIHUHG
IURP WKH 86 )RUHVW 6HUYLFH HVWLPDWH E\  DQG  UHVSHFWLYHO\ 7KH FRUUHVSRQGLQJ
GLIIHUHQFHVLQWKHDERYHJURXQGELRPDVV$*%HVWLPDWHVZHUHDQG+RZHYHURQO\D
IHZ VWXGLHV KDYH XVHG D VDPSOLQJ SURFHGXUH ZLWK $/6 GDWD *DXWDP HW DO  XVHG D
WZRSKDVH VDPSOLQJ SURFHGXUH WR HVWLPDWH WKH IRUHVW$*% LQ/DRV 7KH SURFHGXUH LQWHJUDWHV
VDPSOH SORWVZLWK$/6 WUDQVHFWV  FRYHUDJH WHVWHG DQG VDWHOOLWH LPDJHV DQG LW DWWDLQV D
UHODWLYH506(RIWRSUHVHQWLQ$*%LQDQDUHDRIKD$VRPHZKDWVLPLODUDSSURDFK
ZDVXVHGLQ*UHJRLUHHWDODQGLQ6WnKOHWDOIRUDODUJHDUHDIRUHVWLQYHQWRU\LQ
1RUZD\7KH\XVHG1),ILHOGSORWV$/6WUDQVHFWVDQGSURILOLQJ/L'$5GDWD7KHWZRSKDVH
ODVHUVDPSOLQJHVWLPDWHVIRU$*%ZHUHFORVHWRWKHHVWLPDWHVHVWLPDWHGXVLQJRQO\ILHOGSORWV,Q
ERWKVWXGLHVSURILOLQJ/L'$5DQG$/6ZHUHDOVRFRPSDUHGDQGWKH$/6ZDVIRXQGWREHPRUH
XVHIXO 

7KHJRDORIWKLVVWXG\ZDVWRLQYHVWLJDWHLIWKHHVWLPDWLRQDFFXUDF\FRXOGEHLPSURYHG WKURXJK
FRPELQLQJ$/6GDWDZLWKRSWLFDOVDWHOOLWHGDWD7KHWDVNVRIWKHVWXG\ZHUHWRFKRRVHDQRSWLPDO
QXPEHURIVWUDWDDQGVWUDWLILFDWLRQ 
 
2. Method 

(OOLSVRLG VWUDWLILFDWLRQ ZDV XVHG ZKLFK FRQVLVWV RI WZR VWDJHV WKH DXWRPDWLF GHULYDWLRQ RI
VWUDWXPFHQWURLGVDQGFRYDULDQFHPDWULFHVDQGWKHDVVLJQPHQWRIREVHUYDWLRQV7KHSRSXODWLRQ
YDOXHVDUHREWDLQHGDVZHLJKWHGDYHUDJHVRIWKHVXESRSXODWLRQYDOXHVDV

𝑦ത෠ௌ்ோ = ∑ 𝑊௛𝑦ത෠௛௅௛ୀଵ       

ZLWKDQHVWLPDWRURIYDULDQFH

𝑣𝑎𝑟(𝑦ത෠ௌ்ோ) = ∑ 𝑊௛ଶ௅௛ୀଵ 𝑣𝑎𝑟(𝑦ത෠௛) = ∑ 𝑊௛ଶ௅௛ୀଵ
௦೓మ
௡೓
− ∑ 𝑊௛௅௛ୀଵ
௦೓మ
ே  

ZKHUHL LV WKHQXPEHURI VWUDWDWh LVSURSRUWLRQRIVWUDWXPh DQGsh2 LV WKH VDPSOHYDULDQFH
ZLWKLQVWUDWXPh.DQJDVHWDO

𝑠௛ଶ = ∑
ቀ௬೓೔ି௬ത೓ቁ
మ
௡೓ିଵ
௡೓
௜ୀଵ      


7KHQXPEHUVRIVWUDWDVWXGLHGZHUHDQG,QWKLVVWXG\ZHXWLOL]HGD
/DQGVDW(70VDWHOOLWHDQG$/6IURPWKH.XRUWDQHDUHDLQZHVWHUQ)LQODQGFRYHULQJDQDUHD
RI DSSUR[LPDWHO\   KD 7KH VWXGLHG YDULDEOHZDV WKH WRWDO VWHP YROXPH IRU DOO VSHFLHV
WRJHWKHU 6DPSOH SORWVPHDVXUHG XVLQJ DPRGLILFDWLRQ RI WKH WK1DWLRQDO )RUHVW ,QYHQWRU\
PHDVXUHPHQW V\VWHP ZHUH XVHG DV ILHOG GDWD ,Q RXU HVWLPDWLRQV  /DQGVDW  (70 LPDJH
FKDQQHOVZHUHXVHG,QFRPELQLQJWKHWZRGDWDVRXUFHV/DQGVDWFKDQQHOVODVHUVFDQQLQJ
KHLJKWEDVHG H[WUDFWHG IHDWXUHV IURP ILUVW HFKRHV SXOVHV DQG  LQWHQVLW\EDVHG ODVHU VFDQQLQJ
IHDWXUHVHJ+DUDOLFNWH[WXUHIHDWXUHVZHUHVHOHFWHGIRUWKHDQDO\VLV 
 
2.1 Study area  
 
7KH.XRUWDQHVWXG\DUHDLVORFDWHGLQZHVWHUQ)LQODQGLQWKH6RXWKHUQ2VWKURERWQLDUHJLRQ,WLV
FRYHUHG PDLQO\ E\ PLGGOH DJHG ERUHDO IRUHVW LQ WKH 6XRPHQVHONl ZDWHUVKHG DUHD ,W LV
GRPLQDWHGE\6FRWVSLQHPDLQWUHHVSHFLHVFRYHURIIRUHVWDUHDZKHUHDV1RUZD\VSUXFH
DQGGHFLGXRXVWUHHVPDLQO\ELUFKHVXVXDOO\RFFXUDVDGPL[WXUHV7KHODQGVFDSHLVGRPLQDWHG
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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E\ SLQH IRUHVWV JURZLQJ RQ PLQHUDO VRLO DQG SHDWODQGV GUDLQHG IRU IRUHVWU\ RSHQ SHDWODQGV
PLUHVDQGDJULFXOWXUDOILHOGVLQORZHUHOHYDWLRQV7HUUDLQGHSUHVVLRQVRI.XRUWDQHDUHFRYHUHG
E\ODNHVODUJHVW.XRUWDQHMlUYL

2.2 Data  

7KH)LQQLVK1),LVEDVHGRQV\VWHPDWLFFOXVWHUVDPSOLQJGHVLJQ5HFWDQJXODUFOXVWHUVRIVDPSOH
SORWV DUH ORFDWHG  NP DSDUW RI HDFK RWKHU LQ &HQWUDO )LQODQG ZKLFK LQFOXGHV WKH .XRUWDQH
UHJLRQ%HFDXVHWKHVWXG\DUHDZDVRQO\KDWKH1),VDPSOLQJGHVLJQZDVLQWHQVLILHG
IRUWKHSUHVHQWSXUSRVH2QHFOXVWHUFRQWDLQVILHOGSORWVWHPSRUDU\FOXVWHUVWKDWDUHORFDWHG
DORQJDUHFWDQJXODUWUDFWPDSDUW7KLVJDYHDVDPSOHRISORWVDUUDQJHGLQFOXVWHUVRI
ZKLFKSORWVZHUH ORFDWHG LQ WKH ODQGXVH FODVV IRUHVW(DFKSORWZDVPHDVXUHG DV ERWK D
WUXQFDWHG DQJOH FRXQW VDPSOH SORW DQG IL[HG DUHD SORW WDNLQJ D EDVDO DUHD IDFWRU RI  DQG D
PD[LPXPUDGLXVRIPIRUWKHWUXQFDWHGDQJOHFRXQWSORWV7KH$/6GDWDZHUHFROOHFWHGRQ
WK-XO\ZLWKDQ2SWHFKODVHU VFDQQLQJV\VWHPRSHUDWHGDWDQDOWLWXGHRIP
DERYHJURXQGOHYHOXVLQJDKDOIDQJOHRIDQGDVLGHRYHUODSRIDERXW7KLVUHVXOWHGLQD
VZDWKZLGWKRIP7KHGLYHUJHQFHRI WKH ODVHUEHDP QPZDVPUDGZKLFK
SURGXFHG D IRRWSULQW RI  FP DW JURXQG OHYHO $OWRJHWKHU  ODVHU VWULSVZHUHPHDVXUHG RI
ZKLFKZHUHXVHGIRUFDOLEUDWLRQSXUSRVHV7KH2SWHFKODVHUVFDQQLQJV\VWHPSURGXFHV
IRXU W\SHV RI HFKRHV RQO\ ILUVW ODVW LQWHUPHGLDWHZKLFKZHUH UHFODVVLILHG DV ILUVW DQG ODVW
SXOVHGDWD7KH/DQGVDW(70VFHQHZDVFDSWXUHGRQVW-XQH

3. Results  

7KHVWDQGDUGHUURUIRUWKHWRWDOVWHPYROXPHZDVIRXQGWRGHFUHDVHZLWKDQLQFUHDVLQJQXPEHU
RIVWUDWD7KH$/6H[WUDFWHGIHDWXUHVRIWKHILUVWSXOVHODVHUFDQRS\KHLJKWVQRWDEO\LPSURYHWKH
DFFXUDF\ RI HVWLPDWLRQ ,QWHQVLW\EDVHG +DUDOLFN WH[WXUH IHDWXUHV ZKHQ XVHG DORQH IRU
VWUDWLILFDWLRQ SHUIRUPHG UHDVRQDEO\ ZHOO 7KH RSWLPDO QXPEHU RI VWUDWD LV EHWZHHQ   
:KHQ DOO RI WKH IHDWXUHV IURP WKH WZRGDWD VRXUFHV DUH IXVHG WKH UHVXOWV VKRZDQ LQFUHDVH LQ
XQFHUWDLQW\RIWKHUHVXOWVGXHWRWKHODUJHQXPEHURIIHDWXUHVXQGHULQYHVWLJDWLRQ$GLVWULEXWLRQ
RIYDOXHRIVWDQGDUGHUURUGHSHQGLQJRQWKHQXPEHURIVWUDWDLVVKRZHGRQWKHILJXUH

 
)LJXUH6WDQGDUGHUURUIRUWKHWRWDOVWHPYROXPHIRUDOOVSHFLHV

6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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5HVXOWVRIWKHVWXG\DUHSUHVHQWHGRQWKHWDEOH

7DEOH7RWDOVWHPYROXPHDQGLWVVWDQGDUGHUURU

QXPEHU
RIVWUDWD
%DVHGRQ(70
WRWDOVWHPYROXPH
P56'
%DVHGRQ$/6
+DUDOLFNWH[WXUH
IHDWXUHVWRWDOVWHP
YROXPHP56'
%DVHGRQ$/6
H[WUDFWHGIHDWXUHV
WRWDOVWHPYROXPH
P56'
%DVHGRQIXVLRQRI
DOOIHDWXUHVWRWDOVWHP
YROXPHP56'
    
    
    
    
    
    
    
    
    

4. Discussion and conclusions  

,Q WKLV VWXG\ZHHYDOXDWHG WKHSHUIRUPDQFHRI$/6GDWD LQFRPELQDWLRQZLWKVDWHOOLWHRSWLFDO
GDWD IRU ODUJHDUHD IRUHVW VWUDWLILFDWLRQEDVHG LQYHQWRU\ LQ RUGHU WR LQFUHDVH WKH HVWLPDWLRQ
DFFXUDF\ RI WRWDO YROXPH :H LQYHVWLJDWHG WKH RSWLPDO QXPEHU RI VWUDWD DQG VWUDWLILFDWLRQ
YDULDEOHVIRU$/6EDVHGVWUDWLILFDWLRQFRPSDUHGWRVDWHOOLWHLPDJHEDVHG 

:HFRQFOXGHWKDWLI$/6GDWDLVUHDGLO\DYDLODEOHLWVKRXOGEHXVHGLQWKHVWUDWLILFDWLRQSKDVHRI
WKH ODUJHDUHD IRUHVW LQYHQWRU\ 7KH XVHIXOQHVV RI IXVLQJ $/6 GDWD ZLWK RSWLFDO GDWD IRU
VWUDWLILFDWLRQVKRXOGEHLQYHVWLJDWHGIXUWKHU7KHYDULDEOHVHOHFWLRQPHWKRGVIRUWKHVWUDWLILFDWLRQ
EDVHGIRUHVWLQYHQWRU\VKRXOGEHWHVWHG 
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ABSTRACT:  

:H SUHVHQW D VHQVLWLYLW\ DQDO\VLV RI WKH HIIHFW WKDW /L'$5 SRLQW GHQVLW\ KDV RQ WUHH JHQXV
FODVVLILFDWLRQ7UHHJHQXVLVFODVVLILHGE\XVLQJWZRVHWVRIIHDWXUHVZLWKLQWKH5DQGRP)RUHVW
FODVVLILHUWKHWZRVHWVRIIHDWXUHVDUHGHVFULSWRUVUHODWHGWRWKHJHRPHWULFLQIRUPDWLRQRIWKH
WUHHV DQG  GHVFULSWRUV UHODWHG WR WKH YHUWLFDO SURILOH RI /L'$5 SRLQWV 7KH WDUJHWHG JHQHUD
LQFOXGHSLQHSRSODUDQGPDSOHDWDVWXG\VLWHVLWXDWHGQRUWKRI7KHVVDORQ2QWDULRHDVWRI6DXOW
6WH0DULHDORQJDPDMRUXWLOLW\FRUULGRUULJKWRIZD\DQGVHYHQVXUURXQGLQJZRRGORWV  

7KH ILUVW VHW RI IHDWXUHV FODVVLILHV WUHH JHQHUD E\ REWDLQLQJ WKH JHRPHWULF LQIRUPDWLRQ IURP
/L'$5SRLQWGDWDZHKDYHGHULYHGIHDWXUHVIRUHDFKLVRODWHGWUHHFURZQDQGWKHIHDWXUHVDUH
JURXSHG LQWR ILYH FDWHJRUL]HV  /LQHDU IHDWXUHV ± GHVFULELQJ FKDUDFWHULVWLFV RI OLQH VHJPHQWV
GHULYHGLQWHUQDOWRDWUHHFURZQ&OXVWHUIHDWXUHV±GHVFULELQJWKHVKDSHRIWKH/L'$5SRLQW
FOXVWHUV JURXSHG ZLWKLQ DQ LQGLYLGXDO WUHH FURZQ  +XOO IHDWXUHV ± GHVFULELQJ WUHH IRUP LQ
WHUPVRIYROXPHKXOOV%XIIHU IHDWXUHV±GHVFULELQJFKDUDFWHULVWLFVRI WKHSRLQWGLVWULEXWLRQ
ZLWKLQ D WUHH FURZQ DQG  )RUP IHDWXUHV ± GHVFULELQJ RYHUDOO WUHH VKDSH7KH VHFRQG VHW RI
IHDWXUHVFODVVLILHVWUHHJHQHUDE\REWDLQLQJYHUWLFDOKHLJKWSRLQWSURILOHLQIRUPDWLRQZHGHULYHG
 IHDWXUHV IRU HDFK WUHH IHDWXUHV DUH JURXSHG LQ WKUHH FDWHJRULHV  &RXQW IHDWXUHV ±
SHUFHQWDJH RI ILUVW VLQJOH DQG ODVW UHWXUQV ZLWKLQ WKH SURILOH  +HLJKW IHDWXUHV ± VWDWLVWLFDO
DWWULEXWHVRIKHLJKWYDOXHVDW GLIIHUHQWKHLJKWSHUFHQWLOHV DQG ,QWHQVLW\ IHDWXUHV ± VWDWLVWLFDO
DWWULEXWHVRILQWHQVLW\YDOXHVDWGLIIHUHQWKHLJKWSHUFHQWLOHV7KH5DQGRP)RUHVWFODVVLILHULVXVHG
WRSURFHVVERWKVHWVRIIHDWXUHVVHSDUDWHO\DQGWKHLUDFFXUDF\UDWHVDUHFRPSDUHGDPRQJGLIIHUHQW
SXOVH GHQVLWLHV 7KH /L'$5 GDWD ZDV FROOHFWHG E\ D 5LHJO /064 VFDQQHUZLWK RULJLQDO
SRLQWGHQVLW\RISXOVHVSHUPWUHHJHQHUDFODVVLILFDWLRQZDVSHUIRUPHGDWWKHRULJLQDOSXOVH
GHQVLW\ZH WKHQ UHGXFH WKH GHQVLW\ WR   DQG  SXOVHV SHUP HDFK WLPH UHFRUGLQJ WKH
DFFXUDF\2XUDQDO\VLVLQGLFDWHVWKDWDVSXOVHGHQVLWLHVGHFUHDVHYHUWLFDOSURILOHPHWKRGVUHPDLQ
HIIHFWLYH EXW WR WUXO\ H[WUDFW VWUXFWXUDO SDUDPHWHUV KLJKHU SXOVH GHQVLWLHV DUH QHFHVVDU\ 7KH
LPSOHPHQWDWLRQ RI D VLPSOH PXOWLSOH FODVVLILHU V\VWHP 0&6 FRPELQHV WKH WZR VHWV RI
GHVFULSWRUVDQG\LHOGVLPSURYHGFODVVLILFDWLRQDFFXUDF\7KHVHQVLWLYLW\DQDO\VLVKHOSVLGHQWLI\D
EUHDNSRLQWDWZKLFKSXOVHGHQVLWLHVGURS WRR ORZIRUWUXHVWUXFWXUDODQDO\VHVDWDQRSHUDWLRQDO
VFDOH 
 
1. Introduction  

7KHREMHFWLYHRIWKLVSDSHU LV WRDQDO\VHWKH LPSDFWRI/L'$5/LJKW'HWHFWLRQDQG5DQJLQJ
SXOVH GHQVLW\ RQ WUHH JHQXV FODVVLILFDWLRQ DFFXUDF\ XVLQJ WZR W\SHV RI FODVVLILFDWLRQ IHDWXUHV
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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MRLQWO\DQGVHYHUDOO\7KHILUVWVHWRIIHDWXUHVLVGHULYHGIURPWKHJHRPHWU\RIDQLVRODWHGVLQJOH
WUHH SRLQW FORXG DQG WKH VHFRQG VHW RI IHDWXUHV LV GHULYHG IURP YHUWLFDO SRLQW SURILOHPHWULFV
([DPSOHVRIXVLQJWKLVW\SHRIPHWULFIRUWUHHVSHFLHVJHQHUDFODVVLILFDWLRQLQFOXGH%DULORWWLHWDO
ILWWLQJFXUYHGVXUIDFHVWRFDQRS\WRSVRIGLIIHUHQWWUHHVSHFLHV.DWRHWDOXVHGDQ
LVRVXUIDFH DOJRULWKP WR UHWULHYHPHWULFV UHJDUGLQJ WKH VKDSHV RI WUHH FURZQV YROXPHZLGWK
DQGEDVHKHLJKW9DXKNRQHQHWDOFRPSXWHWKHDOSKDVKDSHVRIWUHHFURZQV
DVPHWULFV IRU WUHH VSHFLHV LGHQWLILFDWLRQ 7KH EHQHILW RI XVLQJ YHUWLFDO SURILOHPHWULFV LV WKDW
FRPSXWDWLRQ LV UHODWLYHO\ VLPSOH DQG WKHUHIRUH UXQQLQJ WKH DQDO\VLV LV WLPH HIIHFWLYH
IXUWKHUPRUH UDWKHU WKDQ RQO\ XVLQJ WKH ORFDWLRQ RI WKH SRLQWV [ \ ] YDOXHV LW FDQ WDNH WKH
LQWHQVLW\YDOXHLQWRWKHFRQVLGHUDWLRQ([DPSOHVRIXVLQJWKHYHUWLFDOGLVWULEXWLRQKHLJKWDQG
RU LQWHQVLW\ LQFOXGH%UDQGWEHUJ  DQG.LPHW DO ZKHUH WKH HQWLUH WUHHSURILOH LV
FRQVLGHUHG$GGLWLRQDOFRQVLGHUDWLRQRIDWWULEXWHVIURPKHLJKWSURILOHVLVDFKLHYHGE\UNDHWDO
+ROPJUHQDQG3HUVVRQDQG.RUSHODHWDO,QRXUSUHYLRXVVWXGLHV.RHW
DO ZKHUHZHFRPSDUH WKHHIIHFWLYHQHVV RIXVLQJJHRPHWULFGHVFULSWRUVYHUVXVYHUWLFDO
SURILOHGHVFULSWRUVIRUWUHHJHQHUDFODVVLILFDWLRQPinusPopulusDQGAcerZHKDYHVKRZQWKDW
WKHFODVVLILFDWLRQDFFXUDFLHVE\XVLQJWKHERWKVHWVRIIHDWXUHVDUHDERXWWKHVDPHRYHUDOO
DFFXUDF\IRUERWKPHWKRGV7KHVWXG\ZDVFRPSOHWHGE\XVLQJGDWDWKDWKDVSXOVHVSHUP
DQGWKHUHIRUHLQWKLVSDSHUZHZDQWWRLQYHVWLJDWHWKHVHQVLWLYLW\RIFODVVLILFDWLRQDFFXUDF\ZLWK
WKHFKDQJHLQSXOVHGHQVLWLHV$FFRUGLQJWR9DXKNRQHQHWDODQG0DJQXVVRQHWDO
WKHDFFXUDFLHVLQHVWLPDWLQJRIWUHHDWWULEXWHVGHFUHDVHVZKHQSXOVHGHQVLW\GHFUHDVH:HDVVHVV
WKHSRVVLELOLW\RIFRPELQLQJWZRPHWKRGVDQGUXQQLQJRXUDQDO\VHVZLWKORZHUSXOVHGHQVLWLHV
DQGFRQVHTXHQWO\ORZHULQJSURMHFWFRVWV 
 
2. Methods  
 
2.1 Study area and LiDAR data  
 
7KHVWXG\DUHDLVORFDWHGDERXWNPHDVWRI6DXOW6WH0DULH2QWDULR&DQDGD:HFKRVHHLJKW
ILHOGVLWHVRQHRIWKHVLWHVLVDQHOHFWULFWUDQVPLVVLRQOLQHULJKWRIZD\52:DQGZHVDPSOHG
WKH WUHHVDORQJ WKHYHJHWDWLRQFOHDUDQFH]RQHV7KH UHVWRI WKH ILHOGVLWHVDUHFKRVHQ IURP WKH
VXUURXQGLQJ ZRRGORWV ,Q RXU VWXG\ DUHD ZH KDYH LGHQWLILHG ZKLWH ELUFK Betula papyrifera
0DUVKEDOVDPILUAbies balsamea /PDSOHAcer saccharum0DUVK UHGRDNQuercus 
rubra/MDFNSLQHPinus banksiana/DPESRSODUPopulus tremuloidesZKLWHSLQHPinus 
strobus / ZKLWH VSUXFH Picea glauca 0RHQFK9RVV DQG RWKHUV GXULQJ ILHOG YLVLWV )LHOG
YDOLGDWLRQZDVSHUIRUPHG-XO\ WR$XJXVWDQG$XJXVWGXULQJ WKH ILHOG
YLVLWVZHYDOLGDWHGWUHHVEXWRQO\RIWKHPEHORQJWRWKHJHQHUDRILQWHUHVWWKHUHIRUHLQ
WKLVSDSHUZHZLOOSHUIRUPFODVVLILFDWLRQDQDO\VLVRQRQO\WKHVHWUHHVRXUJRDOLVWRFODVVLI\
WKHVH WUHHV FRUUHFWO\ LQWR WKHLU UHVSHFWLYH JHQHUD SLQH SRSODU DQGPDSOH )LJXUH  VKRZV DQ
H[DPSOHWUHHZLWKLWVYHUWLFDOSRLQWGLVWULEXWLRQSURILOHIURPHDFKJHQXVRILQWHUHVWDEF
DUHDQH[DPSOHVRISLQHSRSODUDQGPDSOHUHVSHFWLYHO\ 

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6HSWHPEHU±9DQFRXYHU&DQDGD
 3 

)LJXUH/L'$5GDWDIRUSLQHDSRSODUEDQGPDSOHFH[DPSOHVWRJHWKHUZLWKWKHLUFRUUHVSRQGLQJ
YHUWLFDOSRLQWGLVWULEXWLRQV 

/L'$5GDWDZDVFROOHFWHGRQ$XJXVWE\D5LHJO/064VFDQQHUWKHIOLJKWDOWLWXGH
ZDVDSSUR[LPDWHO\PDERYHJURXQGOHYHODQGWKHSXOVHGHQVLW\LVDSSUR[LPDWHO\SXOVHV
SHUP7KHVFDQQHUKDVWKHFDSDELOLW\RIUHFHLYLQJXSWRILYHUHWXUQVSHUSXOVHDQGHDFKILHOG
VLWHZDVFRYHUHGZLWKWZRIOLJKWSDWKVLQRSSRVLQJGLUHFWLRQV7KDWPHDQVHDFKWUHHKDVXSWR
SXOVHVîUHWXUQVSHUSXOVHîIOLJKWSDWKV SRLQWVSHUP(DFKWUHHLVLGHQWLILHGLQWKH
/L'$5VFHQHE\D*36ORFDWLRQREWDLQHGLQWKHILHOGDQGWKHWUHHVDUHLVRODWHGIURPWKHPDVV
SRLQWFORXGE\YLVXDOLQWHUSUHWDWLRQ7KHXQGHUVWRU\LVUHPRYHGE\DQDOJRULWKPGLVFXVVHGLQ.R
HWDO2QFHWKHWUHHVDUHLVRODWHGIURPWKH/L'$5VFHQHZLWKDQRULJLQDOGHQVLW\RI
SXOVHVSHUPWKH\DUHWKLQQHGE\UHPRYLQJHYHU\RWKHUSRLQWZLWKUHVSHFWWRJSVWLPHUHFRUGHG
E\WKHVFDQQHU)LJXUHVKRZVDQH[DPSOHRIDSLQHWUHHZLWKWKHYDULRXVSXOVHGHQVLWLHV 

 
)LJXUH([DPSOHSLQHWUHHZLWKDSXOVHVSHUPESXOVHVSHUPFSXOVHVSHUPG
SXOVHVSHUPHSXOVHVSHUPISXOVHVSHUP

  
(a) (b) (c) 
(d) (e) (f) 
(a) (b) (c) 
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2.2 Features descriptors and vertical profile descriptors for classification 

:H KDYH GHULYHG WZR VHWV RI IHDWXUHV IRU FODVVLILFDWLRQ WKH ILUVW VHW LQYROYHV JURXSLQJ WKH
/L'$5SRLQWVZLWKLQ WKHWUHHFURZQLQWRFOXVWHUVEHVWILW OLQHVDQGSODQHVDUHWKHQFDOFXODWHG
IRUHDFKFOXVWHU7KHSURSHUWLHVRIWKHVHOLQHVDQGSODQHVDUHGHVFULEHGLQ)WR)7DEOH
SURSHUWLHV UHODWHG WR WKH YROXPH RI WKH FOXVWHUV DUH GHVFULEHG LQ ) WR ) 7DEOH  '
EXIIHULQJIHDWXUHVDUHIHDWXUHVGHULYHGIURPH[SDQGLQJHDFK/L'$5SRLQWLQWKHWUHHFURZQLQWR
VSKHUHVE\DGLVWDQFHRIRIWKHREVHUYHGWUHHFURZQKHLJKWDQGDUHGHVFULEHGLQ)WR)
) WR ) VXPPDUL]H WKH RYHUDOO VKDSH RI WKH WUHH 7DEOH  VXPPDUL]HV WKH TXDOLWDWLYH
GHVFULSWLRQRIWKHIHDWXUHVZHKDYHGHULYHG 

7KHVHFRQGVHWRIIHDWXUHVVXPPDUL]HVWKHSURSHUWLHVRIYHUWLFDOSRLQWGLVWULEXWLRQZLWKLQHDFK
WUHHFURZQZHKDYH LQFOXGHGERWKKHLJKWDQG LQWHQVLW\DWWULEXWHV7DEOHVXPPDUL]HV WKH
YHUWLFDOSURILOHIHDWXUHV 

7DEOH'HVFULSWLYHVXPPDU\RIJHRPHWULFGHULYHGIHDWXUHVVRXUFH.RHWDO 

No. Description  
Line related 
F1 $YHUDJHOLQHVHJPHQWOHQJWKVGLYLGHGE\WUHHKHLJKW
F2 $YHUDJHOLQHVHJPHQWOHQJWKVGLYLGHGE\WUHHFURZQKHLJKW
F3 $YHUDJHOLQHVHJPHQWOHQJWKVPXOWLSOLHGE\WKHUDWLREHWZHHQWUHHFURZQKHLJKWDQGWUHHKHLJKW
F4 $YHUDJHOLQHVHJPHQWDQJOHVPHDVXUHGIURPWKH[\SODQHWRWKHOLQH
F5 $YHUDJHOLQHVHJPHQWDQJOHVPHDVXUHGIURPWKH\D[LVWRWKHOLQHSURMHFWHGRQWRWKH[\SODQH
Cluster related 
F6 $YHUDJHQXPEHURISRLQWVLQHDFKFOXVWHUGLYLGHGE\WKHQXPEHURISRLQWVLQWKHWUHHFURZQ
F7 $YHUDJHRIWKHDYHUDJHRUWKRJRQDOGLVWDQFHIURPHDFKSRLQWWRWKHOLQHLQWKHWUHHFURZQIRUHDFK
FOXVWHU
F8 $YHUDJHRIWKHDYHUDJHRUWKRJRQDOGLVWDQFHIURPHDFKSRLQWWRWKHSODQHLQWKHWUHHFURZQIRUHDFK
FOXVWHU
F9 )GLYLGHGE\WKHWUHHFURZQKHLJKWPXOWLSOLHGE\)GLYLGHGE\WKHWUHHFURZQKHLJKW
F10 $YHUDJHRIWKHYROXPHRIWKHFRQYH[KXOOIRUHDFKFOXVWHUGLYLGHGE\WKHQXPEHURISRLQWVLQWKH
FOXVWHU
&RQYH[KXOODQGDOSKDVKDSHUHODWHG
F11 $YHUDJHRIYROXPHRI WKHFRQYH[KXOO IRUHDFKFOXVWHUGLYLGHGE\ WKHQXPEHURISRLQWV LQ WKH
FOXVWHU
F12 7KHGLIIHUHQFHEHWZHHQWKHDUHDRIWKHFRQYH[KXOODQGWKHDOSKDVKDSHFRPSDUHGWRWKHFRQYH[
KXOODUHD
F13 9ROXPHRIWKHWUHHFURZQFRQYH[KXOOGLYLGHGE\WKHQXPEHURISRLQWVLQWKHFURZQ
F14 9ROXPHRIWKHWUHHFURZQDOSKDVKDSHGLYLGHQXPEHURISRLQWVLQWKHFURZQ
F15 $YHUDJHGLVWDQFHIURPHDFKSRLQWWRWKHFORVHVWIDFHWRIWKHFRQYH[KXOO 
F16 6WDQGDUGGHYLDWLRQRIRUWKRJRQDOGLVWDQFHVIURPHDFKSRLQWWRWKHFRQYH[KXOO
F17 &RHIILFLHQWRIYDULDWLRQ))
'EXIIHULQJUHODWHG
F18 6XPRIRYHUODSSHGYROXPHEHWZHHQiWKDQGjWKVSKHUHV
F19 2YHUODSSHGFRXQWRISRLQWVFDSWXUHGE\iWKDQGjWKVSKHUHV
F20 2YHUODSSHGYROXPHGLYLGHGE\WKHQXPEHURISRLQWVLQWKHWUHHFURZQ 
F21 1XPEHURIFRXQWGLYLGHGE\WKHQXPEHURISRLQWLQWKHWUHHFURZQVTXDUHG
2YHUDOOWUHHVKDSHUHODWHG
F22 7UHHKHLJKWGLYLGHGE\WKHUDGLXVRIWKHWUHHFURZQUDGLXVLVREWDLQHGE\DVVXPLQJZKHQWKHWUHH
FURZQLVSURMHFWHGWR[\SODQHLWLVFLUFXODU
F23 7UHHFURZQKHLJKWGLYLGHGE\WKHUDGLXVRIWKHWUHHFURZQUDGLXVLVREWDLQHGE\DVVXPLQJZKHQWKH
WUHHFURZQLVSURMHFWHGWR[\SODQHLWLVFLUFXODU
F24 7UHHFURZQKHLJKWGLYLGHGE\WKHWUHHKHLJKW
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

7DEOH 6XPPDU\RIIHDWXUHVGHULYHGIURPYHUWLFDOSRLQWSURILOHD ILUVWV VLQJOHO ODVW6WG VWDQGDUG
GHYLDWLRQ&Y FRHIILFLHQWRIYDULDWLRQVRXUFH.RHWDO

10th percentile 50th Percentile 90th percentile 
RIFDQRS\UHWXUQ9I9V9O 
UHWXUQFRXQW9I9V9O UHWXUQFRXQW9I9V9O UHWXUQFRXQW9I9V9O 
0HDQKHLJKW9I9V9O 0HDQKHLJKW9I9V9O 0HDQKHLJKW9I9V9O
0HDQKHLJKWRIFDQRS\UHWXUQ9I9V9O 
6WGRIKHLJKW9I9V9O 6WGRIKHLJKW9I9V9O 6WGRIKHLJKW9I9V9O
6WGKHLJKWIRUFDQRS\UHWXUQ9I9V9O 
&YKHLJKWIRUFDQRS\UHWXUQ9I9V9O 
.XUWRVLVRIYDULDWLRQKHLJKWIRUFDQRS\UHWXUQ9I9V9O 
6NHZQHVVRIYDULDWLRQKHLJKWIRUFDQRS\UHWXUQ9I9V9O 
0HDQLQWHQVLW\9I9V
9O 
0HDQLQWHQVLW\9I9V
9O 
0HDQLQWHQVLW\9I9V
9O 
0HDQLQWHQVLW\RIFDQRS\UHWXUQ9I9V9O 
6WGRILQWHQVLW\9I9V
9O
6WGRILQWHQVLW\9I9V
9O 
6WGRILQWHQVLW\9I9V
9O 
6WGLQWHQVLW\RIFDQRS\UHWXUQ9I9V9O 
&YLQWHQVLW\RIFDQRS\UHWXUQ9I9V9O 
.XUWRVLVRIYDULDWLRQLQWHQVLW\RIFDQRS\UHWXUQ  9I9V9O 
SNHZQHVVRIYDULDWLRQLQWHQVLW\RIFDQRS\UHWXUQ  9I9V9O 
 

2.3 Classification by Random Forest 

7KH5DQGRP)RUHVWFODVVLILHULVDQHQVHPEOHFODVVLILHUWKDWFRPELQHVQXPHURXVZHDNFODVVLILHUV
LQWKLVFDVHFODVVLILFDWLRQWUHHVWREHFRPHDVWURQJFODVVLILHU%UHLPDQѿRIWKHRULJLQDO
GDWDRXWRIEDJVDPSOHLVOHIWRXWRIWKHSURFHVVIRUWKHYDOLGDWLRQSURFHGXUH7KHQXPEHURI
IHDWXUHV VHOHFWHG WR FRQVWUXFW HDFK WUHH LV D XVHU GHILQHG QXPEHU DQG E\ UHSODFLQJ WKH
FODVVLILFDWLRQ WUHHZLWKGLIIHUHQW IHDWXUHV LWZLOO UHVXOW DGLIIHUHQWYDOLGDWLRQHUURU RXWRIEDJ
HUURUDQGWKHFKDQJHRIHUURUGHWHUPLQHVZKHWKHUDSDUWLFXODUIHDWXUHLPSURYHVRUGHJUDGHVWKH
RYHUDOOFODVVLILFDWLRQHUURUDQGWKHFKDQJHLVFDOOHGWKHPHDQGHFUHDVHDFFXUDF\7KLVLVUHFRUGHG
WRHVWLPDWHWKHLPSRUWDQFHRIHDFKIHDWXUH 

8QOLNHWKHWUDGLWLRQDOPHWKRGRIXVLQJ5DQGRP)RUHVWZKHUHҀRIWKHGDWDDUHVSOLWLQWRLQEDJ
VDPSOHVGDWDIRUWUDLQLQJWKHFODVVLILFDWLRQWUHHVDQGѿRIWKHGDWDDUHRXWRIEDJVDPSOHVGDWD
IRUYDOLGDWLRQZHVSOLWRXUGDWD LQWR LQFUHPHQW SDUWLWLRQV IRU WUDLQLQJDQGYDOLGDWLQJ:H
VWDUWE\XVLQJRIWKHGDWDIRUWUDLQLQJRIWKHGDWDIRUYDOLGDWLRQWKURXJKWRRIWKH
GDWD IRU WUDLQLQJ DQG UXQ 5DQGRP )RUHVW  WLPHV DW HDFK SDUWLWLRQLQJ E\ UHVHOHFWLQJ WKH
WUDLQLQJDQGYDOLGDWLRQWUHHVDPSOHV WRREWDLQWKHDYHUDJHFODVVLILFDWLRQDFFXUDF\7KHDYHUDJH
PHDQGHFUHDVHDFFXUDFLHVIRUDOOWKHIHDWXUHVDUHDOVRREWDLQHGWRKDYHDEHWWHUXQGHUVWDQGLQJRI
WKHLPSRUWDQFHRIWKHIHDWXUHV7KHJRDORIWKLVH[SHULPHQWLVWRGHWHUPLQHWKHEHVWSDUWLWLRQIRU
WUDLQLQJ WKDW LV WR PLQLPL]H WKH DPRXQW RI GDWD IRU WUDLQLQJ DQG \HW SURGXFH UHDVRQDEOH
FODVVLILFDWLRQDFFXUDFLHV 

7RVWXG\ WKHSRWHQWLDORI FROODERUDWLQJ WZRFODVVLILHUV WZRVHWVRI IHDWXUHV WRDFKLHYHKLJKHU
FODVVLILFDWLRQDFFXUDF\ZHFRPELQHG WKHWZRFODVVLILHUVE\XVLQJYHUWLFDOSURILOH IHDWXUHVDVD
EDVHFODVVLILHUIROORZHGE\XVLQJJHRPHWULFIHDWXUHVDVVXSSOHPHQWDU\LQIRUPDWLRQIRUPDNLQJ
6LOYL/DVHU6HSW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WKHILQDOFODVVLILFDWLRQGHFLVLRQ)LUVWZHXVHRIWKHGDWDIRUWUDLQLQJDQGSUHGLFWWKH
RIWUHHVE\YHUWLFDOSURILOHIHDWXUHVZLWK5DQGRP)RUHVWWKLVSURFHVVLVUHSHDWHGZLWKJHRPHWULF
IHDWXUHV7KHQWKHPDUJLQVIRUHDFKWUHHDUHFDOFXODWHGDQGQRUPDOO\WKHFODVVZLWKWKHODUJHVW
PDUJLQUHSUHVHQWVWKHSUHGLFWLRQZLWKWKHPRVWFRQILGHQFHDQGWKHWUHHZLOOEHDVVLJQHG WRWKDW
FODVV ,QVWHDGZH FDOFXODWH WKH GLIIHUHQFH EHWZHHQ WKH ODUJHVWPDUJLQ DQG WKH VHFRQG ODUJHVW
PDUJLQ IURP WKHYHUWLFDOSURILOH IHDWXUHV FODVVLILHU DQGZH VHOHFW WKH WUHHVZLWK WKHGLIIHUHQFH
OHVVWKDQEHFDXVHVPDOOGLIIHUHQFHLQPDUJLQEHWZHHQWKHILUVWFKRLFHDQGWKHVHFRQGFKRLFH
LQGLFDWH WUHHV WKDW DUH SRWHQWLDOO\ PLVFODVVLILHG DQG WKHVH DUH WKH WUHVV WKDW QHHGV WR EH
UHFRQVLGHUHGE\JHRPHWULFIHDWXUHV1H[WZLWKLQWKHVXEVHWRIWUHHVZHVHSDUDWHWKHWUHHVLQWR
WZRJURXSVWUHHVWKDWKDVVDPHGHFLVLRQVPDGHE\YHUWLFDOSURILOHDQGJHRPHWULFIHDWXUHVDQG
WUHHVWKDWKDVGLIIHUHQWGHFLVLRQV7UHHVWKDWKDYHV\QFKURQL]HGGHFLVLRQVZLOOEHNHSWDVLVDQG
WUHHVWKDWKDYHGLIIHUHQWGHFLVLRQVZLOOEHUHSODFHGE\WKHGHFLVLRQPDGHE\WKHVHWRIIHDWXUHV
WKDW KDV D ODUJHU GLIIHUHQFH EHWZHHQ WKH ILUVW DQG VHFRQGPDUJLQV 1HZ RYHUDOO FODVVLILFDWLRQ
DFFXUDF\LVXSGDWHG

3. Results 
 
7KHJUDSKVRIFODVVLILFDWLRQDFFXUDFLHVZLWKGLIIHUHQWSDUWLWLRQ OHYHOV LVGLVSOD\HG LQ)LJXUH
)LJXUH D VKRZV WKH FODVVLILFDWLRQ DFFXUDFLHV ZLWK GLIIHUHQW SXOVH GHQVLWLHV E\ XVLQJ WKH
JHRPHWULFGHVFULSWRUVDQGEVKRZVWKHFODVVLILFDWLRQDFFXUDFLHVZLWKGLIIHUHQWSXOVHGHQVLWLHV
E\ XVLQJ YHUWLFDO SURILOH GHVFULSWRUV HDFK SDUWLWLRQ RI WKH JUDSK EHORZ UHSUHVHQW DQ DYHUDJH
FODVVLILFDWLRQDFFXUDF\RIUXQQLQJ5DQGRP)RUHVWWLPHV 





)LJXUHD7KHDYHUDJHFKDQJHLQWKHFODVVLILFDWLRQDFFXUDF\ZLWKGLIIHUHQWWUDLQLQJVDPSOHSDUWLWLRQ
XVLQJJHRPHWULFGHVFULSWRUVE$YHUDJHFKDQJHLQFODVVLILFDWLRQDFFXUDF\ZLWKGLIIHUHQWSXOVHGHQVLWLHVE\
XVLQJYHUWLFDOSURILOHGHVFULSWRUV

7KHFODVVLILFDWLRQDFFXUDF\LQFUHDVHVIRUERWKVHWVRIGHVFULSWRUVZLWKYDULRXVSXOVHGHQVLWLHVDV
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WKHDPRXQWRIGDWDSDUWLWLRQHGIRUWUDLQLQJLQFUHDVHV,QWKLVSDSHUZHFKRVHWKHSDUWLWLRQOHYHO
XVLQJ RI WKH GDWD IRU WUDLQLQJ DQG RI WKH GDWD IRU YDOLGDWLRQ DW WKLV SDUWLWLRQ ERWK
PHWKRGVKDYHVLPLODUFODVVLILFDWLRQDFFXUDFLHVERWKURXQGWRDWWKHRULJLQDOGHQVLW\OHYHO
SXOVHVSHUP 

)LJXUH VKRZV WKH UHODWLRQVKLSEHWZHHQFODVVLILFDWLRQDFFXUDF\ZLWKGLIIHUHQWSXOVHGHQVLWLHV
IRUJHRPHWULFGHVFULSWRUVYHUWLFDOSURILOHGHVFULSWRUVDVZHOODVWKHFRPELQHGUHVXOWV7KHYDOXHV
IRUWKHDFFXUDFLHVDUHLQFOXGHGURXQGHGWRWKHQHDUHVWKXQGUHGWK 



)LJXUH&ODVVLILFDWLRQDFFXUDF\ZLWKGLIIHUHQW/L'$5SXOVHGHQVLWLHVIRUJHRPHWULFGHVFULSWRUVYHUWLFDO
SURILOHGHVFULSWRUVDQGWKHFRPELQHGUHVXOWV


%\FDOFXODWLQJWKHPHDQGHFUHDVHDFFXUDF\ZHFDQDVVHVVWKHLPSRUWDQFHRIHDFKIHDWXUHLQUHODWLRQ
WR WKH RWKHU 7KH WZR PRVW LPSRUWDQW IHDWXUHV IRU JHRPHWULF GHVFULSWRUV DUH ) DQG ) UDWLR
EHWZHHQWUHHKHLJKWDQGFURZQKHLJKWDQGDYHUDJHOLQHVHJPHQWOHQJWKVLQUHODWLRQWRFURZQKHLJKW
DQG WUHH KHLJKW UDWLR UHVSHFWLYHO\ IRU    DQG  SXOVHV SHU P ) DQG ) DYHUDJH
RYHUODSSHGYROXPHE\'EXIIHULQJSHUSRLQWIRUDQGSXOVHVSHUP7KHWZRPRVWLPSRUWDQW
IHDWXUHIRUYHUWLFDOSURILOHGHVFULSWRUVLV9DQG9SHUFHQWDJHRIILUVWUHWXUQDWWKSHUFHQWLOH
VNHZQHVVRIKHLJKWYDULDWLRQIRUFDQRS\ODVWUHWXUQVIRUSXOVHVSHUPDQG9
DQG9 SHUFHQWDJH RI VLQJOH UHWXUQ DW WK SHUFHQWLOH VNHZQHVV RI KHLJKW YDULDWLRQ IRU FDQRS\
VLQJOHUHWXUQVIRUSXOVHVSHUP 

4. Discussion  

)LJXUH  VKRZV WKDW WKH OHDUQLQJ UDWHV JHQHUDOO\ LQFUHDVH DV WKH DYDLODEOH GDWD IRU WUDLQLQJ
LQFUHDVHV %\ XVLQJ RQO\ XVLQJ  RI WKH GDWD IRU WUDLQLQJ ERWK PHWKRGV DFKLHYHG 
DFFXUDF\UDWHLPSOLHGWKDWWKHGHIDXOW5DQGRP)RUHVWSDUWLWLRQLVH[FHVVLYHLQRXUH[DPSOH%\
FRPSDULQJ ERWK GHVFULSWRUV ZKHQ WKHUH DUH OHVV WKDQ  RI WKH GDWD DYDLODEOH IRU WUDLQLQJ
YHUWLFDOSURILOHGHVFULSWRUVSURYLGHEHWWHUFODVVLILFDWLRQDFFXUDF\0RUHRYHULQ)LJXUHDWKHUH
LVDUHODWLYHELJJHUJDSEHWZHHQSXOVHVSHUPZLWKWKHUHVWRIWKHGHQVLWLHVWKLVVKRZVWKH
JHRPHWULFGHVFULSWRUVKDVDGURSLQHIILFLHQF\DWWKDWGHQVLW\OHYHO  

:HKDYHVHOHFWHGWKHSDUWLWLRQOHYHOWRH[DPLQHWKHFKDQJHLQDFFXUDF\UHODWLYHWRFKDQJHV
LQSXOVHGHQVLW\)LJXUHVKRZV WKDWFODVVLILFDWLRQDFFXUDF\JHQHUDOO\ LQFUHDVHVZKHQGHQVLW\
LQFUHDVHVDVWKHUHLVPRUHLQIRUPDWLRQDYDLODEOHIRUSURFHVVLQJ7KHLQFUHDVHVORZVGRZQIRUDOO
PHWKRGV PHDQLQJ WKHUH LV URRP IRU UHGXFLQJ WKH SXOVH GHQVLW\ WR WUDGH IRU VOLJKWO\ ORZHU
FODVVLILFDWLRQ DFFXUDF\ DQG QRUPDOO\ UHVXOWV LQ ORZHU FRVWV *HRPHWULF IHDWXUHV DUH PRUH
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FRPSOH[ DQG WKHUHIRUH UHTXLULQJ D KLJKHU SRLQW GHQVLW\ 7KLV UHODWLRQVKLS LV EHLQJ VKRZQ LQ
)LJXUHZKHUHJHRPHWULFGHVFULSWRUVDFKLHYHDFFXUDF\DWDKLJKHUGHQVLW\OHYHO+RZHYHU
JHRPHWULFIHDWXUHVDUHDEOHWRFRUUHFWVRPHRIWKHPLVWDNHWKDWLVEHLQJPDGHE\YHUWLFDOSURILOH
GHVFULSWRUVWKHFRPELQHGFODVVLILHUVVKRZVWKHKLJKHVWDFFXUDF\LQ)LJXUH 

7KH LPSRUWDQW IHDWXUHV DPRQJ JHRPHWULF GHVFULSWRUV DUH ) ) DQG ) )RU ) WKLV LV
EHFDXVH SRSODU WHQGV WR KDYH WKH VPDOOHVW UDWLR UHODWLYHO\ VPDOO WUHH FURZQ VL]H DQGPDSOH
WHQGV WR KDYH WKH ODUJHVW ) FKDUDFWHUL]HV WKH OHQJWK RI WKH OLQH VHJPHQWV LQ UHODWLRQ WR WKH
QRUPDOL]HGWUHHFURZQVL]HOLQHVGHULYHGIRUSRSODUWHQGVWREHVKRUWOLQHVIRUSLQHVWHQGVWREH
ORQJHUDQGUHSUHVHQWDWLYHRI WKHEUDQFKHV0DSOHKDVWKHORQJHVWGHULYHGOLQHV)KLJKOLJKWV
WKH VSDWLDO GLVWULEXWLRQ RI SRLQWV ZLWKLQ WKH WUHH FURZQ 3LQHV DQG PDSOHV KDYH KLJK YDOXHV
EHFDXVHIRUSLQHSRLQWVWHQGVWRFOXVWHUDWWKHOD\HUVRIEUDQFKHVDQGIRUPDSOHSRLQWVWHQGVWR
FOXVWHUDWWKHWRSRIWKHWUHHFURZQOHDYLQJSRSODUKDYLQJWKHORZHVWYDOXHEHFDXVHWKHVSDWLDO
GLVWULEXWLRQVRISRLQWVLQVLGHSRSODUWUHHFURZQVDUHHYHQ)RUYHUWLFDOSURILOHGHVFULSWRUV9
DQG9DUH LPSRUWDQWDQG WKLVFRLQFLGHZLWKWKHUHVXOWREWDLQHGIURP+ROPJUHQDQG3HUVVRQ
ZKHUHWKHLPSRUWDQWIHDWXUHVDUHORFDWHGRQWKHXSSHUSHUFHQWLOHVRIWKHWUHH9DQG
9UHIHUVWRWKHVNHZQHVVRIKHLJKWGLVWULEXWLRQZLWKLQWKHHQWLUHWUHHFDQRS\VLQJOHDQGODVW
UHVSHFWLYHO\WKHFDQRS\IRUPDSOHWUHHVDUHFORVHUUHVXOWLQJDKLJKHUUDWLRRIVLQJOHUHWXUQVRQ
WKHWRSRIWKHWUHHVWKHUHIRUHWKHGLVWULEXWLRQRISRLQWVDUHPRUHVNHZHG3LQHDQGSRSODUWUHHV
DOORZ/L'$5SXOVHVWRUHDFKFORVHUWRWKHJURXQGOHYHODQGWKHUHIRUHPRUHRIWKHODVWUHWXUQVDUH
FORVHUWRWKHJURXQGOHYHO 

7KLVSDSHUFRPSDUHVWKHSHUIRUPDQFHRIFODVVLI\LQJWUHHLQWRWKUHHJHQHUDE\XVLQJWZRGLIIHUHQW
DSSURDFKHV VHSDUDWHO\ DQG WKHQ DQ DWWHPSW WR FRPELQH WKH WZRPHWKRGV 7KH DGYDQWDJHV RI
XVLQJ JHRPHWULF GHVFULSWRUV DUH WKDW LWV FORVH UHODWLRQVKLS RI WKH IHDWXUHV WR WKH ELRSK\VLFDO
LQWHUSUHWDWLRQRI WUHHV LW DOVR \LHOGV D VHQVDWLRQDOYLVXDO LQWHUSUHWDWLRQ:HDOVRREVHUYHG WKDW
PRVWRIWKHHUURUVIURPYHUWLFDOSURILOHGHVFULSWRUVFRPHVIURPSRSODU±SLQHFODVVLILFDWLRQWKLV
LV EHFDXVH VRPHWLPHV WKH SRLQW GLVWULEXWLRQ IRU WKHVH WZR JHQHUD DUH VLPLODU EXW JHRPHWULF
GHVFULSWRUV\LHOGEHWWHUDFFXUDF\DWWKLVVLWXDWLRQ%\FRPELQLQJWKHGHFLVLRQVPDGHE\WKHWZR
FODVVLILHUVFDQLPSURYHFODVVLILFDWLRQDFFXUDF\WKHUHVXOWVVKRZVWKDWVRPHRIWKHPLVWDNHVFDQ
EH FRUUHFWHG DXWRPDWLFDOO\ E\ LPSOHPHQWLQJ D VLPSOH 0XOWLSOH &ODVVLILHU 6\VWHPV 06&
)XUWKHUDQGRQJRLQJUHVHDUFKLVVWXG\LQJWKHGLIIHUHQWZD\VRIIXVLQJWKHFODVVLILHUVHIIHFWLYHO\
LQRUGHUWRLPSURYHFODVVLILFDWLRQDFFXUDF\ 
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Introducing Info Clouds as an alternative to LiDAR 

5REHUW8HEELQJ

1RUWK:HVW*URXSUREHUWXHEELQJ#QZJHRFRP

3DSHU1XPEHU6/

1. Introduction

,QWKHODVWGHFDGHDLUERUQH/L'$5/LJKW'HWHFWLRQDQG5DQJLQJKDVHVWDEOLVKHGLWVHOIDVDNH\
WHFKQRORJ\ WR FDSWXUH KLJK UHVROXWLRQ 'LJLWDO 6XUIDFH 0RGHOV '60 DQG 'LJLWDO (OHYDWLRQ
0RGHOV '(0 2YHU WKH VDPH WLPH WKH GHPDQG IRU KLJKHU DFFXUDF\ DQG KLJKHU UHVROXWLRQ
'60VDQG'(0VGHOLYHUHGPRUHIUHTXHQWO\KDVLQFUHDVHG/L'$5LVDQDWXUDOFKRLFHWRIXOILO
WKLVGHPDQGIRUYDULRXVDSSOLFDWLRQV+RZHYHUWKHKLJKDFTXLVLWLRQFRVWVRIWHQSURKLELWLWVXVH
IRU ODUJHU DUHDV RI LQWHUHVW&RQVLGHULQJ WKH IDFW WKDW LPDJLQJ VHQVRUV OLNH/HLFD*HRV\VWHPV¶
$'6 SURYLGH PXOWLSOH VWHUHR FRYHUDJH WKH LPDJH GDWD LWVHOI FDQ DQG VKRXOG EH XVHG IRU
SKRWRJUDPPHWULF '60 GHULYDWLRQ 7KHUHIRUH LQ DGGLWLRQ WR /L'$5 GDWD DFTXLVLWLRQ DQG
SURFHVVLQJ1RUWK:HVW*HRPDWLFVKDVGHYHORSHGD'60JHQHUDWLRQWRROIURP$'6OLQHVFDQQHU
LPDJHU\LQFRRSHUDWLRQZLWK/HLFD*HRV\VWHPV
*HQHUDWLQJDYHU\KLJK'60DQG'(0UHVROXWLRQ LQ WKHRUGHURI WKH LPDJHJURXQGVDPSOLQJ
GLVWDQFH*6'SUHVXPHVPDWFKLQJDWWKHDFWXDOLPDJHUHVROXWLRQRULQRWKHUZRUGVXWLOL]LQJD
SHUSL[HO PDWFKLQJ FRVW 'HSHQGLQJ RQ LPDJH WH[WXUH D SHUSL[HO PHDVXUH LV JHQHUDOO\
DPELJXRXV DGGLWLRQDO FRQVWUDLQWV VXFK DV WKH DVVXPSWLRQ RI D VPRRWK VXUIDFH QHHG WR EH
LQWURGXFHG$OJRULWKPVWKDWJOREDOO\PLQLPL]HERWKFRVWDQGFRQVWUDLQWVDUHFDOOHGJOREDOLPDJH
PDWFKLQJ WKH\ DUH DPRQJ WKH WRSUDQNHG PDWFKLQJ DSSURDFKHV LQ WHUPV RI TXDOLW\ DQG
UHVROXWLRQ7KHLU GUDZEDFN LV SHUIRUPDQFHZKLFK LV DGGUHVVHG E\ WKH6HPL*OREDO0DWFKLQJ
6*0DSSURDFKRI+LUVFKPOOHU6*0DSSUR[LPDWHVWKHWZRGLPHQVLRQDOJOREDO
DJJUHJDWLRQ RI PDWFKLQJ FRVW E\ D QXPEHU RI RQHGLPHQVLRQDO FRVW SDWKV ,W VWLOO DFKLHYHV
VLPLODU DFFXUDF\ DV WUXO\ JOREDO PDWFKLQJ EXW LW LV VLJQLILFDQWO\ IDVWHU ± UHIHU HJ WR WKH
V\VWHPDWLFFRPSDULVRQVRI6*0ZLWKORFDODQGJOREDOPDWFKLQJDOJRULWKPVXVLQJGLIIHUHQWFRVW
IXQFWLRQV E\ +LUVFKPOOHU DQG 6FKDUVWHLQ  $V D UHVXOW 6*0 KDV EHHQ IXUWKHU
LQYHVWLJDWHGDQGDOVRHQKDQFHGE\YDULRXV UHVHDUFKHUV IRUGLIIHUHQWDSSOLFDWLRQVDQGGDWD VHWV
LQFOXGLQJ DHULDO LPDJHV +LUVFKPOOHU HW DO  +LUVFKPOOHU  WHUUHVWULDO DQG
H[WUDWHUUHVWULDOVDWHOOLWHGDWD+LUVFKPOOHUHWDO.UDXHWDO$OREHLGHWDO
RU YLGHR VHTXHQFHV +HLQULFKV HW DO *HUNH +HUPDQQ HW DO  )XUWKHUPRUH
6*0LVEHLQJUHFRJQL]HGDQGGHSOR\HGLQWKHLQGXVWU\7KH6*0DSSURDFKIXOILOVRXUQHHGRI
KLJK'60UHVROXWLRQDQGKLJKSHUIRUPDQFHDOORZLQJWKHJHQHUDWLRQRIVXUIDFHPRGHOVIRUODUJHU
UHJLRQV VXFK DV VWDWHV RU SURYLQFHV %DVHG RQ WKH TXLFNO\ JDLQLQJ PLQGVKDUH DQG SURPLVLQJ
6*0UHVXOWVZHDGDSWHG WKHDOJRULWKPWR WKHXQLTXHSURSHUWLHVRI$'6OLQHVFDQQHULPDJHU\
XVLQJRXUH[LVWLQJVRIWZDUH IUDPHZRUN LQSDUWLFXODU WKHKLJKO\RSWLPL]HG$'6VHQVRUPRGHO
7KHUHPDLQGHURIWKLVSDSHUGHVFULEHVWKH'60GHULYDWLRQIURP$'6GDWDEDVHGRQ6*07KH
SURSHUWLHVRI6*0'60VDQGGHULYHG'(0VDUHFRPSDUHGWR/L'$5SURGXFWVERWKLQJHQHUDO
DQG IRU DQ H[DPSOH GDWD VHW WKDW KDV EHHQ FDSWXUHG RYHU WKH PXQLFLSDOLW\ RI 5RPDQVKRUQ
6ZLW]HUODQG$OVRWKH³,QIR&ORXG´DVDIXQGDPHQWDOGDWDFRQWDLQHUIRUGRZQVWHDPDSSOLFDWLRQV
DQGZRUNIORZVLVLQWURGXFHGLQWKLVFRQWH[W
6LOYL/DVHU6HSW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

2. Semi-Global Matching for ADS

6*0 LV D QHZ LPDJH PDWFKLQJ DSSURDFK ZKLFK RULJLQDWHV IURP WKH FRPSXWHU YLVLRQ
FRPPXQLW\,WKDVEHHQGHYHORSHGE\+LUVFKPOOHU7KHFRUHDOJRULWKPDJJUHJDWHV
SHUSL[HO PDWFKLQJ FRVWV XQGHU FRQVLGHUDWLRQ RI VPRRWKQHVV FRQVWUDLQWV 7KH PLQLPXP
DJJUHJDWHGFRVWOHDGVWRWKHGLVSDULW\PDSRUUHVSHFWLYHO\SDUDOOD[PDSIRUDQLPDJHVWHUHR
SDLUSURYLGLQJWKHFRUUHVSRQGLQJORFDWLRQIRUHDFKEDVHLPDJHSL[HORQWKHUHVSHFWLYHHSLSRODU
OLQHLQWKHSDLULPDJH7KH6*0DSSURDFKLVVXLWHGIRU'60FROOHFWLRQLQYHU\KLJKUHVROXWLRQ
LHWKHLPDJH*6'

2.1 Matching Cost: Difference of Intensity Gradients

7KH GLIIHUHQFH RI LQWHQVLWLHV RI DOOHJHGO\ FRUUHVSRQGLQJ SL[HOV LQ JOREDOPDWFKLQJ LQFOXGLQJ
6*0 RU VHDUFKZLQGRZV LQ ORFDOPHWKRGV LV D VLPSOH EXWZLGHO\ XVHG FRVW IXQFWLRQ7KH
VPDOOHU WKH GLIIHUHQFH WKHPRUH OLNHO\ LV WKH FRUUHFW PDWFK ± SURYLGHG WKDW RYHUDOO LQWHQVLW\
RIIVHWV LQ WKH LPDJHV RI D VWHUHR SDLU DUH UHPRYHG2QH VROXWLRQ LV WKH 6REHO ILOWHULQJ RI WKH
LPDJHU\ DV SURSRVHG DQG WHVWHG E\ +LUVFKPOOHU 	 *HKULQJ  ZLWK GLIIHUHQW PDWFKLQJ
DSSURDFKHV LQFOXGLQJ6*07KH6REHO ILOWHU LV DSSOLHG VROHO\ LQ WKH GLUHFWLRQ RI WKH HSLSRODU
OLQHVZKLFKFRUUHVSRQGVWRWKHIOLJKWGLUHFWLRQRU[LQWKH$'6LPDJHFRRUGLQDWHV\VWHP7KLV
FRQYROXWLRQKDVWZRHIIHFWV)LUVWUDGLRPHWULFRIIVHWVDUHUHPRYHG6HFRQGWKH6[HOLPLQDWHV\
JUDGLHQWVRUUHVSHFWLYHO\KRUL]RQWDOVWUXFWXUHVWKDWPLJKWKDYHDQHJDWLYHLPSDFWLQPDWFKLQJLQ
FDVHRI XQDYRLGDEOHEXW VPDOOHUURUV LQ WKH LPDJHRULHQWDWLRQ+RZHYHURXUPDLQGULYHU IRU
VZLWFKLQJ WKH FRVW IURP0XWXDO ,QIRUPDWLRQ 0, WKDW ZH LQLWLDOO\ XVHG IRU$'6 SURFHVVLQJ
*HKUNHHWDOKDVEHHQRFFDVLRQDOHUURUVLQEULHI0,FRVWUHIOHFWVWKHSUREDELOLW\RID
FHUWDLQ SDLU RI LQWHQVLWLHV WR EH D YDOLG PDWFK DQG IRU D SDUWLFXODU SURMHFW LQ 1RUWK :HVW
*HRPDWLFV¶SURGXFWLRQWKHSUREDELOLW\FRPSXWDWLRQZDVGRPLQDWHGE\JUDVVODQGDQGDSSOLHGWR
WKH QHLJKERULQJ URDG ZLWK VLPLODU LQWHQVLWLHV EXW VOLJKWO\ GLIIHUHQW SDLU PDWFKHV GXH WR D
GLIIHUHQW%5')HORQJDWHGRXWOLHUVRFFXUUHGGHVSLWHWKH6*0VPRRWKQHVVFRQVWUDLQWV$OUHDG\
XVHGIRU ODUJHSURMHFWVRIYDULRXV W\SH± LQFOXGLQJDOOH[DPSOHVSUHVHQWHG LQ WKLVSDSHU± WKH
6REHOEDVHGFRVWKDVQRW\HWVKRZQDQ\LVVXHVRQIODWVWUXFWXUHVDQGRSHQDUHDVLQJHQHUDO7KLV
LVFUXFLDOZKHQDLPLQJIRUWKHGHULYDWLRQRID'(0

2.2 Cost Aggregation and Disparity Computation

$Q\SL[HOZLVHPDWFKLQJFRVWPHDVXUH LVJHQHUDOO\DPELJXRXV7KHUHIRUHFRQVWUDLQWVVXFKDV
WKHDVVXPSWLRQRIDVPRRWKVXUIDFHQHHGWREHLQWURGXFHGDQGJOREDOO\DJJUHJDWHGDORQJZLWK
WKHFRVW7KH6REHOEDVHGFRVWFLVFRPSXWHGIRUDOOSRWHQWLDOPDWFKHVLQDVWHUHRSDLULHIRU
HDFKEDVHLPDJHSL[HOSDQGIRUDOOGLVSDULWLHVG WKDWSURYLGHWKHOLQN WRSDLULPDJH ORFDWLRQV
7KLVUHVXOWVLQFRVWYHFWRUVIRUHDFKSL[HODQGLQDFRVWFXERLGIRUWKHHQWLUHLPDJH7KHHQHUJ\
IXQFWLRQ (' WKDW KDV WR EH JOREDOO\ PLQLPL]HG FRQVLVWV RI WKLV FRVW DQG FRQVWUDLQWV RQ
VPRRWKQHVV+LUVFKPOOHUSURSRVHVWRXVHWKHSHQDOWLHV3IRUVOLJKWYDULDWLRQVRI
RQHGLVSDULW\DQG3IRUDQ\ODUJHUFKDQJHVLHGLVFRQWLQXLWLHVLQEHWZHHQQHLJKERULQJSL[HOV

6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD 
 3
 
E D 
p
e p,d  
p
cp,d  
q∈ N p
PT ∣d í dq∣  
q∈ N p
PT ∣d í dq∣ 


7KH7« IXQFWLRQ FRQWUROV WKH DSSOLFDWLRQRI SHQDOWLHV LH WKHZHLJKWLQJEHWZHHQPDWFKLQJ DQG
VPRRWKQHVVFRQVWUDLQWVLWLVLQFDVHWKDWLWVDUJXPHQWLVWUXHDQGLIIDOVH6*0DSSUR[LPDWHVWKH
WKHRUHWLFDOO\ GHVLUHG WZRGLPHQVLRQDO JOREDO DJJUHJDWLRQ RI PDWFKLQJ FRVW E\ D QXPEHU RI RQH
GLPHQVLRQDOFRVWSDWKVIRUHDFKSRWHQWLDOGLVSDULW\$WRWDORIHLJKWSDWKVDWHYHU\LVFRQVLGHUHG
VXIILFLHQWDQGDOVRXVHGIRU$'6SURFHVVLQJ*HKUNHHWDO7KHRYHUDOOFRVWYHFWRUIRUHDFK
EDVH LPDJH SL[HO UHVXOWV IURP WKH VXPPDWLRQ RI WKHVH HLJKW DJJUHJDWHG FRVW YHFWRUV DW WKDW SL[HO
%DVHGRQWKDWWKHILQDOGLVSDULW\PDSLVSURYLGHGE\WKHGLVSDULWLHVFRUUHVSRQGLQJWRWKHPLQLPXPRI
HDFKSL[HO¶VVXPPHGFRVWYHFWRU,W LVJHQHUDWHGIRU WKHEDVHLPDJHDQGDOVRIRU WKHSDLU LPDJHE\
VZLWFKLQJ WKH UROH RI EDVH DQG SDLU LPDJHV 7KLV UHYHUVH PDWFKLQJ DOORZV IRU WKH HOLPLQDWLRQ RI
PLVPDWFKHVZKLFKRFFXUPDLQO\LQRFFOXGHGDUHDV

2.3 ADS Line-Scanner Data: Considerations and Benefits

7KH$'6FDSWXUHVPXOWLSOHSDQFKURPDWLFVWHUHRLPDJHEDQGVZKLFKSURYLGHUHGXQGDQF\WRILOOJDSV
IURP RFFOXVLRQV DV ZHOO DV WKH DELOLW\ IRU FRQVLVWHQF\ FKHFNV EHWZHHQ VWHUHR SDLUV )XOO FRORXU
5*% DV ZHOO DV 1,5 EDQGV SURYLGH IXUWKHU VWHUHR FRYHUDJH DORQJ ZLWK DGGLWLRQDO UDGLRPHWULF
SURSHUWLHVZKLFKFDQEHEHQHILFLDOIRUPDWFKLQJDQGDOVRVXSSRUWSRVWSURFHVVLQJFODVVLILFDWLRQRI
WKHUHVXOWV7KHXQLTXHVHQVRUJHRPHWU\KDVWREHUHJDUGHG

2.3.1 Epipolar Geometry
 
7KHSURMHFWLRQRIOLQHVFDQQHUVLVFHQWUDOZLWKLQHDFKOLQHDQGSDUDOOHOLQIOLJKWGLUHFWLRQZLWKHYHU\
VFDQOLQH IHDWXULQJ LWV LQGLYLGXDO H[WHULRU RULHQWDWLRQ(YHQ WKRXJK D µSHUIHFW¶ OLQHDU IOLJKWZRXOG
UHVXOWLQVWUDLJKWSDUDOOHOHSLSRODUOLQHVDLUFUDIWPRYHPHQWVGLVWRUWWKHLPDJHU\DQGDFFRUGLQJO\WKH
HSLSRODUJHRPHWU\0RVWRIWKHVHGLVWRUWLRQVDUHHOLPLQDWHGE\SUHUHFWLI\LQJWKHRULJLQDOLPDJHGDWD
/RQWRDSODQH/:KLOH6*0LVH[SHFWHG WRJHQHUDOO\EHQHILW IURPXVLQJVXFK/GDWD WKH
PDMRUDGYDQWDJHRYHU/LVWKHSRVVLEOHDSSUR[LPDWLRQRIWKHUHVXOWLQJHSLSRODUFXUYHVDVSLHFHZLVH
OLQHDU IHDWXUHV6LPLODUO\ WKHVHHSLSRODUFXUYHVFDQEHFRPSXWHG LQDVSDUVHSDWWHUQ  SL[HOV
ZLWK OLQHDU LQWHUSRODWLRQIRUSL[HOV LQEHWZHHQZKLFKPDNHVERWK WKHHSLSRODUJULG LQLWLDOL]DWLRQ±
EDVHGRQWKHKLJKO\RSWLPL]HG$'6VHQVRUPRGHO±DQGWKHWLPHFULWLFDOHSLSRODUSRLQWFRPSXWDWLRQ
IURPGLVSDULW\YHU\IDVW

2.3.2 Object Point Computation

$VLGHHIIHFWRIWKHGHVFULEHGHSLSRODUJULGVHWXSLVWKHLQWHUPHGLDWHVWHSRI'SRLQWFRPSXWDWLRQ
IRU HDFK OLQH VHJPHQW%DVHGRQ WKRVHSRLQWV ILQDO REMHFW SRLQWV IRU DOO EDVH LPDJHSL[HOV FDQEH
GHULYHGE\ OLQHDU LQWHUSRODWLRQGHSHQGLQJRQGLVSDULW\7KLV LV VLJQLILFDQWO\ IDVWHU WKDQSHUIRUPLQJ
IRUZDUGLQWHUVHFWLRQV

2.3.3 Multiple Stereo Coverage

0RVWFRQILJXUDWLRQVRIWKH$'6SURYLGHWKUHHSDQFKURPDWLFVWHUHRDQJOHVLQFDVHRIWKH$'6
EDFNZDUGIRUZDUGDQGIRUZDUG7KLVUHVXOWVLQWKUHHSRVVLEOHVWHUHRSDLUVDOWKRXJKZHGRQRW
XVH WKH ODUJHVW YLHZLQJ DQJOH FRPELQDWLRQ 7KDW OHDYHV WZR VWHUHR SDLUV ZLWK WKH QDGLUPRVW
YLHZLQJDQJOHSURYLGLQJWKHFRPPRQEDVHLPDJH7KHQHLWKHUREMHFWSRLQWVRUGLVSDULW\LPDJHVFDQ
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD 
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EH MRLQHG WKH ODWWHU RI ZKLFK UHTXLULQJ DQ LQWHUPHGLDWH REMHFW SRLQW FRPSXWDWLRQ$OWKRXJK WKLV
VHHPVH[WUDZRUNWKHµGHWRXU¶RIMRLQLQJGLVSDULW\LPDJHVLVSUHIHUUHGVLQFHLWHDVHVVXEVHTXHQWVWHSV
VXFKDVRXWOLHUHOLPLQDWLRQ
,Q WKLV FRQWH[W LW VKRXOG EHPHQWLRQHG WKDW WKHPDWFKLQJ FRVW SHUPLWV WKH XVH RI WKH$'6 FRORXU
EDQGV ZKLFK LQFUHDVHV VWHUHR FRYHUDJH DQG SRWHQWLDO PDWFKLQJ TXDOLW\ EDVHG RQ GLIIHUHQW
UDGLRPHWU\ ,Q UDUHFLUFXPVWDQFHVVXFKDV&&'PDOIXQFWLRQRURYHUVDWXUDWHGSDQFKURPDWLFEDQGV
FRORXUEDQGVKDYHEHHQXWLOL]HGIRUSURGXFWLRQZRUN

2.3.4 Handling of Large Image Takes

$'6/ LPDJHV DUHPRUH WKDQ  SL[HOVZLGH DQG FDQ EH XS WR  SL[HOV ORQJ7KLV
PHDQV WKDW 6*0 SURFHVVLQJ QHHGV WR EH FDUULHG RXW RQ VXEWLOHV RI HJ  [  SL[HOV
&RQVLGHULQJ WKH$'6 YLHZLQJ DQJOHV DQG UHVXOWLQJ VWHUHR SDLUV WKLV VL]H LV MXVW VPDOO HQRXJK WR
PRGHODPRXQWDLQRXVDUHDRUDGRZQWRZQFRUHLQDIDLUO\KLJK*6'RIP±ZKLFKPLJKWUHTXLUH
LQ WKHRUGHU RIGLVSDULWLHV ± RQ DELW V\VWHPZLWK*%\WHPHPRU\ VHH+LUVFKPOOHU
IRUGHWDLOVRI6*0PHPRU\XVDJH%DVHGRQWKHIDFWWKDWUHVXOWVIURPDODUJHQXPEHURIWDNHV
KDYH VKRZQ QR HYLGHQFH RI WLOLQJ HIIHFWV WKH VXEWLOHV DUH SURFHVVHG LQGHSHQGHQWO\ ZLWKRXW DQ\
RYHUODSDSDUWIURPWKHDUHDWKDWLVFOLSSHGDOUHDG\GXULQJSURFHVVLQJ±VHHDERYH

3. Comparison between LiDAR and SGM

/L'$5DFTXLUHG '60V KDYH EHFRPH WKH VWDQGDUG IRU KLJKUHVROXWLRQ VXUIDFH JHQHUDWLRQ$V DQ
DFWLYH VHQVRU/L'$5GDWDFDQEH FDSWXUHG UHJDUGOHVVRI OLJKW FRQGLWLRQV DQG WKH ODVHU SXOVHV FDQ
SHQHWUDWH LQWR IRUHVWFDQRS\ WRPHDVXUH WKHJURXQGGLUHFWO\±DGLVWLQFWDGYDQWDJHRYHUFRPSHWLQJ
WHFKQLTXHVVXFKDVWKHLPDJHEDVHG6*0,QDGGLWLRQWRWKHHOHYDWLRQ/L'$5SRLQWVRIWHQFRQWDLQ
LQWHQVLW\ LQIRUPDWLRQ IURP WKH ODVHU SXOVH ZKLFK FDQ EH SORWWHG DV DQ RUWKRLPDJH 'XH WR D
FRPELQDWLRQ RI VHQVLQJPHWKRGV DQG JHRPHWU\  /L'$5 KDV D JUHDWHU DFFXUDF\ LQ KHLJKW WKDQ LQ
KRUL]RQWDOSRVLWLRQIRUKLJKSUHFLVLRQZRUNW\SLFDOO\FPLQ=DQGFPLQ;<0RULQDQG(O
6KHLP\D/L'$5SRLQWDFFXUDF\FDQDOVREHDIIHFWHGE\XQPRGHOHGDWPRVSKHULFFRQGLWLRQV
VXFKDVPLVWRUYROFDQLFDVKRUE\WKHUHIOHFWDQFHSURSHUWLHVRI WKHWDUJHW0RULQDQG(O6KHLP\
E
$VDQHPHUJLQJWHFKQRORJ\6*0GHULYHG'60VDUHLQWHQGHGWREHXVHGDVDQDOWHUQDWLYHVRXUFHRI
HOHYDWLRQ DQG DV D SUHPLHU FKRLFH IRU XOWUDGHQVH VXUIDFH H[WUDFWLRQ '60V DUH FRPSXWHG IURP
LPDJHU\ZKLFKLV W\SLFDOO\DFTXLUHGXQGHUVWULFWPLVVLRQFRQVWUDLQWVVXQDQJOHFORXGFRYHUHWF
EXWDVDGHULYHGSURGXFWLWGRHVQRWDGGDQ\FRVWWRDQLPDJLQJIOLJKW,QFRQWUDVWWR/L'$5ZKLFK
DOORZVVWRULQJWKH/L'$5LQWHQVLW\RIHDFKWHUUDLQSRLQW6*0SRLQWVFDQEHDVVLJQHGWKHIXOOUDQJH
RIVSHFWUDOEDQGVW\SLFDOO\WKHUHGJUHHQEOXHDQGQHDULQIUDUHGEDVHGRQWKH$'6VRXUFHLPDJHU\
7KH\FDQEHSORWWHGDVDQRUWKRLPDJH6*0DFFXUDFLHVDUHGULYHQE\WKHWULDQJXODWLRQDFFXUDFLHVRI
WKH LPDJHU\  ±  W\SLFDOO\ *6' KRUL]RQWDOO\ DQG *6' YHUWLFDOO\ ,Q WKH FDVH RI$'6 OLQH
VFDQQHU LPDJHU\ H[WUHPH WXUEXOHQFH FDQ UHGXFH WKH TXDOLW\ RI WKH LPDJHV DQG KHQFH WKH GHULYHG
6*0'60
)RUSURYLGLQJD'60LQDFHUWDLQUHVROXWLRQ WKHDFTXLVLWLRQWLPHDQGFRVWIRU/L'$5LVJHQHUDOO\
KLJKHU WKDQIRU LPDJHU\ZKLFKIRUPVWKHEDVLVIRU6*03URFHVVLQJSHUIRUPDQFHFDQYDU\ZLGHO\
IRU/L'$5DQG6*0EXWLQJHQHUDO6*0KDVDODUJHUFRPSXWDWLRQFRVWWKDQ/L'$57KLVFDQEH
PLWLJDWHGWKURXJKWKHXVHRIPXOWLWKUHDGLQJODUJHVFDOHFOXVWHUGHSOR\PHQWDQGJUDSKLFSURFHVVLQJ
XQLWV *38V WR DFFHOHUDWH WKH FDOFXODWLRQV :LWK WKH FXUUHQW &38 LPSOHPHQWDWLRQ WKH 6*0
SURFHVVLQJ DFKLHYHV  SRLQWVV  ,QWHO &RUH L#  *+] GHSHQGLQJ RQ GLVSDULW\
UDQJH /L'$5SURFHVVLQJVSHHG LV LQ WKHRUGHURISRLQWVV [$0'2SWHURQ#
6LOYL/DVHU6HSW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 *+] /HLFD *HRV\VWHPV  'DWD FDQ EH FODVVLILHG DXWRPDWLFDOO\ WR GHWHUPLQH JURXQG
'(0EXLOGLQJVRUYHJHWDWLRQFRQWHQWZLWKPLQRUFKDQJHVWRFODVVLILFDWLRQUXOHVWRDFFRPPRGDWH
WKHGLIIHUHQWSRLQWGHQVLWLHV7KHSRWHQWLDOO\KLJKHUGHQVLW\RIWKH6*0'60VFDQHDVHLGHQWLILFDWLRQ
RIVWUXFWXUHVLQWKHGDWDPDNLQJPDQXDOHGLWLQJOHVVHUURUSURQH2QWKHRWKHUKDQG/L'$5¶VDELOLW\
WRSHQHWUDWHFDQRS\DQGVXSSO\PXOWLSOHUHWXUQVHQKDQFHVLWVDELOLW\WRGHWHUPLQHEDUHHDUWK
)RU WKH SXUSRVH RI RUWKRLPDJH JHQHUDWLRQ LQ DGGLWLRQ WR WKH REYLRXV DGYDQWDJH RI VDYLQJ GDWD
DFTXLVLWLRQ FRVWV WKHUH DUH GLVWLQFW EHQHILWV RI XVLQJ LPDJHEDVHG'60JHQHUDWLRQ7KH JHRPHWU\
GDWXP RI WKH '60 LV LGHQWLFDO WR WKH JHRPHWU\ RI WKH LPDJHV $Q\ DGMXVWPHQWV PDGH WR WKH
LPDJHU\± VXFK DV WKH WULDQJXODWLRQ ±ZLOO EH UHIOHFWHG LQ WKH'60$OVR DV WKH LPDJHU\ DQG WKH
'60UHIOHFWWKHVDPHWLPHRIUHFRUGLQJZKLFKPHDQVWKDWWKHUHSUHVHQWDWLRQRIWKHHDUWK
VVXUIDFHLV
FRQVLVWHQWDQ\LQDFFXUDFLHVDQGQRLVHGXHWRWHPSRUDOFKDQJHVFDQEHDYRLGHG/DVWO\JLYHQWKDWWKH
'60 LV GLUHFWO\ GHULYHG IURP WKH LPDJHU\ WKH UDGLRPHWULF SURSHUWLHV FDQ EH DVVLJQHG WR HDFK
JHQHUDWHG'SRLQW WKXV FUHDWLQJ DQ ³,QIR&ORXG´ WKDW FRQWDLQV WKH JHRPHWU\ DQG WKH UDGLRPHWU\
DOLJQHGSHUIHFWO\LQWKHVDPHGDWDVHW

4. Evaluation Results

6*0HYDOXDWLRQZDVXQGHUWDNHQXVLQJGDWDIURPWKH5RPDQVKRUQPXQLFLSDOLW\DW/DNH&RQVWDQFH
LQ QRUWKHUQ 6ZLW]HUODQG 7KH LPDJHU\ KDV EHHQ FDSWXUHG LQ WKH VSULQJ RI  XVLQJ D /HLFD
*HRV\VWHPV$'6DFTXLULQJLPDJHVDWFPJURXQGVDPSOHGLVWDQFH*6'7KH/L'$5'60KDV
EHHQFDSWXUHGLQWKHDXWXPQRIXVLQJD/HLFD*HRV\VWHPV$/6,,DWDQRPLQDOSRLQWVSDFLQJ
RI  FP ,PDJHU\ ZDV DGMXVWHG ZLWK SKRWRJUDPPHWULF FRQWURO DQG FRQVWUDLQHG ZLWK LQHUWLDO
QDYLJDWLRQGDWD6XQHWDO7KHHVWLPDWHGSL[HODFFXUDF\LVFPLQ;<DQGFPLQ=
/L'$5 GDWD ZDV DGMXVWHG WR UHPRYH V\VWHPDWLF HUURUV 0RULQ DQG (O6KHLP\  DQG FR
UHJLVWHUHGZLWKWKHLPDJHU\7KHHVWLPDWHG/L'$5SRLQWDFFXUDF\LVFPLQ;<DQGFPLQ=$
VXEVHWRIWKHDUHDZDVFKRVHQIRU6*0WHVWLQJ,WFRQVLVWVRIDUHJLRQZLWKPL[HGXUEDQDUHDVILHOGV
DQGZDWHUP[PLQVL]H )LJXUH7KHUHZHUHaPLOOLRQ/L'$5SRLQWV LQ WKLVDUHD
6*0 UHVXOWHG LQ aPLOOLRQ SRLQWV EDVHG RQ aPLOOLRQ LPDJH SL[HOVZKLFK WUDQVODWHV WR 
\LHOG  7R FRPSDUH VXUIDFHV WKH 6*0 DQG /L'$5'60VZHUH DQDO\VHG LQ D FRPPHUFLDO '60
SDFNDJH (OHYDWLRQ GLIIHUHQFHV ZHUH JHQHUDWHG IURP XQHGLWHG DQG JURXQGFODVVLILHG PRGHOV DQG
SORWWHGWRREVHUYHDQ\V\VWHPDWLFHIIHFWV3URILOHVZHUHWDNHQWRKLJKOLJKWGLIIHUHQFHVLQXUEDQDUHDV
EXLOGLQJVURDGVHWFDQGGLIIHUHQFHVWD
WLVWLFVFDOFXODWHGWRMXGJHSHUIRUPDQFH7KH6*0/L'$5FRPSDULVRQVKRZVDQDYHUDJHGLIIHUHQFH
RIFPFP7KHVPDOOVWDQGDUGGHYLDWLRQVXJJHVWVWKDWWKHLPDJHU\DQGRU/L'$5GDWDDUH
PRUH DFFXUDWH WKDQ H[SHFWHG DQG WKDW 6*0 SRWHQWLDOO\ PD[LPL]HG LWV YHUWLFDO DFFXUDF\ 7KH
GLIIHUHQFHSORW LQ)LJXUH VKRZVDQXPEHURIDUHDV FRORXUHGZKLWH ODUJHU WKDQ*6' ,QPRVW
FDVHVWKHVHUHSUHVHQW WHPSRUDOHIIHFWVVXFKDVJUDVVSDVWXUHVHDVRQDOFKDQJHVODUJHDUHDVWRORZHU
OHIW FRQVWUXFWLRQ ODUJH UHFWDQJOHV RU FKDQJHV LQ WUHHV UDQGRP URXQGLVK VKDSHV %ODFN DUHDV
FRQWDLQQR6*0GDWDPDLQO\FDXVHGE\RFFOXVLRQVWKH\QDWXUDOO\RFFXUQH[WWREXLOGLQJVDQGWUHHV
DQG GXH WR WKH VHQVRU JHRPHWU\ LQFUHDVH WRZDUGV WKH HGJHVRI WKH IOLJKW OLQHZKLFK DUH WRS DQG
ERWWRPLQWKHGLIIHUHQFHSORW








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


)LJXUH5RPDQVKRUQ7HVWDUHD5*%  )LJXUH'LIIHUHQFHEHWZHHQ6*0DQG/L'$5

7KHVWURQJDJUHHPHQWEHWZHHQ/L'$5DQG6*0UHVXOWVLVVXSSRUWHGE\WKHSURILOH)LJXUHZKLFK
VKRZV D YHU\ JRRG DJUHHPHQW EHWZHHQ/L'$5 DQG 6*0SRLQWV DORQJPDQPDGH VWUXFWXUHV DQG
GHPRQVWUDWHVVRPHRIWKHGLIIHUHQFHVLQWUHHVZKLOHFDQRS\KHLJKWVDUHJHQHUDOO\VLPLODU

)LJXUH3URILOHVWKURXJK6*0UHVXOWVOLJKWEOXHDQG/L'$5GDUNEOXH


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)LJXUH6*0SHUVSHFWLYHYLHZ  )LJXUH/L'$5SHUVSHFWLYHYLHZ

$VWUHQJWKRISL[HOEDVHGPDWFKLQJDSSURDFKHVOLNH6*0LVWKHEHKDYLRXUDWGLVFRQWLQXLWLHVZKLFK
LV HVSHFLDOO\ LPSRUWDQW LQ XUEDQ DUHDV ,Q WKH FRPSDULVRQ RI SHUVSHFWLYH YLHZV ± )LJXUH  6*0
)LJXUH/L'$5±LWFDQEHVHHQWKDW6*0KDVPDLQWDLQHGVKDUSHGJHVDQGDOVRUHVROYHGDORWRI
GHWDLORQVWUXFWXUHVVXFKDVWKHUDLOZD\WUDFNVRUWKHSRVWQH[WWRWKHPZKLFKLVQRWFRQWDLQHGLQWKH
/L'$5GDWD7KHREMHFWQH[WWRWKHUDLOZD\LQWKH/L'$5YLHZ±FRQVLVWLQJRIDVLQJOHSRLQW±EXW
QRWFRQWDLQHGLQWKH6*0UHVXOWLVDEXVK,WLQGLFDWHVWKH/L'$5DGYDQWDJHVDWYHJHWDWLRQZKHUHDV
6*0PLJKWKDYHQRWSURSHUO\PDWFKHGLWDQGRUFODVVLILHGLWDVDQHUURU
 
5. LAS Output: The Info Cloud 
 
7KH UHVXOWV RI6*0LQFOXGLQJ WKH DXWRPDWLFSRVWSURFHVVLQJDUHSURMHFWHG LQWR'VSDFH LQD
XVHUGHILQDEOH FRRUGLQDWH V\VWHP$W WKH WLPH RI WKLVZULWLQJ WKH\ DUH VWRUHG LQ WKH/$6 
IRUPDWDVGHILQHGE\WKH$6356(DFK'60MREZLOOJHQHUDWHLWVRZQRXWSXWRQHILOH
IRU WKH IXOO UHVROXWLRQGDWD WKDW FRQVLVWV RIPLOOLRQSRLQWVDQGDQDGGLWLRQDO ILOH IRU WKH
WKLQQHGGDWDWKDWPLJKWVWLOOLQFOXGHXSWRDERXWPLOOLRQSRLQWVGHSHQGLQJRQLQLWLDOFRYHUDJH
DQGWKLQQLQJUDWH5HVXOWVFDQEHJHQHUDWHGLQSRLQWGDWDUHFRUGIRUPDWVRU+RZHYHURQO\
VRPH RI WKH IRUHVHHQ LWHPV ZKLFK DUH GHVLJQHG IRU /L'$5 DUH DVVLJQHG IURP$'66*0
UHVXOWV,QSRLQWGDWDUHFRUGIRUPDWHDFKREMHFWLVDVVLJQHGLWVFRRUGLQDWHVWKHLQWHQVLW\RIWKH
FRUUHVSRQGLQJEDVHLPDJHSL[HODQGDGHIDXOWFODVVLILFDWLRQJURXQG:HDOVRSURYLGHWKHDELOLW\
WR VWRUH$'6FRORUGDWD7KRVHDUHJHQHUDWHG LQDQRQWKHIO\ UHFWLILFDWLRQE\SURMHFWLQJHDFK
REMHFW SRLQWV LQWR WKH UHG JUHHQ EOXH DQG QHDU LQIUDUHG FRORU EDQGV DQG DVVLJQLQJ WKH
LQWHUSRODWHG UDGLRPHWULF FRUUHFWHG LQWHQVLWLHV 6LQFH WKH/$6 YHUVLRQ  RQO\ DOORZV VWRULQJ
WKUHHFRORUFRPSRQHQWVWZR/$6ILOHVDUHJHQHUDWHG±WKHILUVWILOHLVHQFRGHGZLWK5*%DQG
WKHVHFRQGILOHLVHQFRGHGZLWK)&,5,WLVWREHQRWHGWKDWWKHQHZ/$6VSHFLILFDWLRQDOORZV
FRORXUFRPSRQHQWVWKXVHOLPLQDWLQJWKLVFRQVWUDLQW%RWKILOHVFRQWDLQWKHLGHQWLFDOJHRPHWULF
SRLQWFORXGZKLFK OHDGV WRDOWRJHWKHU IRXUILOHV+LJK UHVROXWLRQ5*%DQG)&,5DQG WKLQQHG
5*%DQG)&,5:LWK WKLV FRORU LQIRUPDWLRQDQG WKH SDQFKURPDWLF LQWHQVLW\ WKH KLJK GHQVLW\
SRLQWFORXGEHFRPHVDQHZW\SHRISURGXFWWKHPXOWLEDQGµ,QIR&ORXG¶([DPSOHVRIZKLFKDUH
VKRZQLQ)LJXUH



)LJXUH([DPSOHVRI,QIR&ORXGVGLVSOD\HGLQ'SHUVSHFWLYH

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
6. Info Cloud: Usage in the forestry industry

$XWRPDWLFWUHHFRXQWLQJDQGW\SHVSHFLILFDWLRQKDVEHHQDFKDOOHQJHLQWKHIRUHVWU\LQGXVWU\$W
6LOYDFRP*URXS DQ DSSURDFK WKDW FRPELQHV /L'$5ZLWK RUWKRSKRWRV KDV EHHQ LQ XVH7KH
DSSURDFK XVHV FODVVLILFDWLRQ PHWKRGV WR GHWHUPLQH IRUHVW VWDQGV DQG WKHLU W\SH LQ WKH RUWKR
SKRWRV DQG FRUUHODWHV WKHLU ORFDWLRQ ZLWK WKH ' SRLQW FORXG GHULYHG IURP /L'$5 7KLV
DSSURDFKKDVPDMRUFKDOOHQJHVWKDWDUHHOLPLQDWHGE\XVLQJ,QIR&ORXGVIURP6*07KHILUVW
LVVXH LV WKH FRUHJLVWUDWLRQ EHWZHHQ WKH /L'$5 DQG WKH RUWKRSKRWRVZKLFK UHPDLQV GLIILFXOW
.DWRHWDODQGVHFRQGO\WKHUHPDLQLQJHIIHFWVRIOHDQDQGRFFOXVLRQLQWKHRUWKRSKRWRV
ZKLFKZLOO GLVWRUW WKH FODVVLILFDWLRQ UHVXOWV7KHVH FKDOOHQJHVZHUH DGGUHVVHG E\ FUHDWLQJ D 
EDQG LPDJHSURGXFW 1HDU LQIUDUHG UHG JUHHQEOXHDQGKHLJKWGLUHFWO\ IURP WKH ,QIR&ORXG
WKURXJK UDVWHUL]DWLRQ WKXV JHQHUDWLQJ D WUXH RUWKRSKRWR DOEHLW ZLWKPDQ\ YRLGV DW ORFDWLRQV
ZLWKWUHHOHDQ$VWKHKHLJKWLQIRUPDWLRQLVGHULYHGGLUHFWO\IURPWKHLPDJHU\LWVHOIWKHUHDUHQR
UHJLVWUDWLRQ LVVXHVDQG WKHFODVVLILHUZRUNVYHU\ZHOOZLWK WKHQHZO\FUHDWHG WUXHRUWKRSKRWRV
LQFUHDVLQJWKHRYHUDOOVXFFHVVUDWHVLJQILFDQWO\

7. Conclusions and Outlook

$'60GHULYDWLRQDSSURDFKEDVHGRQ6HPL*OREDO0DWFKLQJ6*0IRU$'6OLQHVFDQQHULPDJHV
ZDV SUHVHQWHG DQG FRPSDUHG '60 DQG '(0 UHVXOWV ZLWK /L'$5 ,W ZDV IRXQG WKDW WKH 6*0
GHULYHGVXUIDFHVWURQJO\DJUHHVZLWKWKH/L'$5SRLQWV%DVHGRQKLJKUHVROXWLRQ$'6LPDJHU\WKH
LQFUHDVHG SRLQW GHQVLW\ UHYHDOV ILQH GHWDLO WKDWPD\ EH GLIILFXOW IRU /L'$5 WR FDSWXUH7KHUH DUH
KRZHYHU VLJQLILFDQW GLIIHUHQFHV LQKHUHQW WR WKH UHVSHFWLYH PHWKRG ± JHQHUDOO\ DURXQG WUHHV DQG
YHJHWDWLRQZKHUH/L'$5LQFRQWUDVWWRLPDJHEDVHG6*0KDVWKHDELOLW\WRSHQHWUDWHWRWKHJURXQG
RUPHDVXUH WKH WRSPRUH FRQVLVWHQWO\7KH DSSDUHQW DGYDQWDJHRI/L'$5 WRJHQHUDWH D EDUHHDUWK
PRGHOQHHGVWREHZHLJKHGDJDLQVW WKHPXFKORZHUDFTXLVWLRQFRVWDQGWKHVXSHULRU'60SURGXFW
WKDWHPEHGVWKHIXOOLPDJHUDGLRPHWU\LQWKHSRLQWFORXGLQ6*0
,QFRQFOXVLRQZHKDYHVKRZQWKDW6*0GHULYHG'(0VDQG'60VDUHUHYHDOHGWREHDQHIIHFWLYH
DOWHUQDWLYH WR /L'$5 HVSHFLDOO\ZKHQ KLJK UHVROXWLRQ LV D UHTXLUHPHQW:KLOH ERWK GDWD VHWV FDQ
JHQHUDOO\EHXVHGIRU WKHSXUSRVHRIRUWKRLPDJHUHFWLILFDWLRQ6*0LV WKHSUHIHUUHGFKRLFHDV LW LV
EDVHGRQWKHVDPHGDWDVHW±UHSUHVHQWLQJWKHVDPHSRLQWLQWLPHLGHQWLFDOJHRPHWU\DQGUHVROXWLRQ±
DQGVDYHVWKHDGGLWLRQDODFTXLVLWLRQFRVWRI/L'$56*0KDVEHHQSURYHQWREHYHU\VXFFHVVIXOLQ
1RUWK :HVW *HRPDWLFV¶ SURGXFWLRQ DQG '60V DUH JHQHUDWHG YLUWXDOO\ RI DOO LPDJH SURMHFWV E\
GHIDXOW 7KH KLJK TXDOLW\ DQG WKH ZHDOWK RI LQIRUPDWLRQ LQ WKH ILQDO SURGXFW KDV FUHDWHG PXFK
SRVLWLYHIHHGEDFNHVSHFLDOO\LQLQGXVWULHVWKDWXVHERWKUHPRWHVHQVLQJDQGSKRWRJUDPPHWU\
%DVHGRQWKLVSUDFWLFDOH[SHULHQFHDQGXSFRPLQJQHHGVWKHSUHVHQWHG6*0DSSURDFKZLOOFRQWLQXH
WREHUHILQHGDQGRSWLPL]HGIRUSHUIRUPDQFH

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ALS monitoring of changes in forest biomass carbon storage 
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Abstract 
0XOWLWHPSRUDO$/6 DQG ILHOG SORW GDWD DUH XVHG WRPRGHO FKDQJHV LQ FDUERQ VWRUDJH RYHU VHYHUDO
\HDUV DW MDFN SLQH DQG HXFDO\SWXV IRUHVW VWDQGV LQ &DQDGD DQG $XVWUDOLD UHVSHFWLYHO\ 5HVXOWV DUH
FRPSDUHGZLWKFRQWLQXRXVHGG\FRYDULDQFHHVWLPDWHVRIQHWHFRV\VWHPH[FKDQJHDQGJURVVHFRV\VWHP
SURGXFWLRQ&RPELQHGWKHVHFDUERQPRQLWRULQJWHFKQLTXHVFDQ\LHOGLPSURYHGSDUWLWLRQLQJRIIRUHVW
FDUERQVWRUDJHVDQGSDWKZD\VWKURXJKWLPH
 
1. Introduction  

7KH 8QLWHG 1DWLRQV )UDPHZRUN &RQYHQWLRQ RQ &OLPDWH &KDQJH 81)&&& LV DQ LQWHUQDWLRQDO
DJUHHPHQW UHTXLULQJ FRXQWULHV WR UHSRUW RQ IRUHVW FDUERQ VWRFNV DQG FKDQJHV ,3&&  )OX[
WRZHUVHPSOR\LQJHGG\FRYDULDQFH(&WHFKQLTXHV%DOGRFFKLDQG0H\HUVSURYLGHORFDOLVHG
HVWLPDWHV RI WKH FDUERQ EDODQFH DQG UHTXLUH FRQWLQXRXV RSHUDWLRQ WR SURYLGH ORQJ WHUP HVWLPDWHV
7KHVHGDWDFDQEHXVHGWRFDOLEUDWHUHPRWHVHQVLQJGDWDSURGXFWV+HLQVFKHWDOVRWKDWDERYH
JURXQGFDUERQ$*&FKDQJHVFDQEHUHSRUWHGRYHUODUJHVFDOHV$LUERUQHODVHUVFDQQLQJ$/6KDV
EHHQXVHG WRPDS DERYH JURXQGELRPDVV HJ YDQ$DUGW HW DO +RSNLQVRQ HW DO  DQG
VLQFH GDWD DYDLODELOLW\ LV LQFUHDVLQJZKLOH FRVWV DUHGURSSLQJ EHWWHU XQGHUVWDQGLQJ WKH FDSDFLW\ IRU
$/6WRPRQLWRUELRPDVVDQGJURZWKLVRIJUHDW LQWHUHVWHJ+RSNLQVRQHWDO)XUWKHUPRUH
&2 IOX[ PRQLWRULQJ VWDWLRQV UHTXLUH FRQWLQXRXV RSHUDWLRQ DQG IUHTXHQW PDLQWHQDQFH FUHDWLQJ
XQFHUWDLQW\RYHUORQJWHUPGDWDDYDLODELOLW\DQGDQHHGIRUFRPSOHPHQWDU\PRQLWRULQJPHWKRGV 
:H UHSRUW RQ HIIRUWV WR HYDOXDWH PXOWL\HDU ELRPDVV PRQLWRULQJ DW WZR VLWHV L WKH %RUHDO
(FRV\VWHP5HVHDUFKDQG0RQLWRULQJ6LWHV%(506LQ6DVNDWFKHZDQ&DQDGDDQGLLD(XFDO\SWXV
IRUHVWDW7XPEDUXPEDLQ1HZ6RXWK:DOHV$XVWUDOLD:HUHSRUWRQWKHDELOLW\WRPRGHOFKDQJHVLQ
IRUHVWFDUERQVWRUDJHDWVWDQGVUDQJLQJLQPDWXULW\%(506DQGPDQDJHPHQW7XPEDUXPEDZKLOH
FRPSDULQJ ORQJ WHUP $/6 ELRPDVV FKDQJH HVWLPDWHV ZLWK IOX[ WRZHU UHFRUGV RI JURVV HFRV\VWHP
SURGXFWLRQ*(3DQGQHWHFRV\VWHPH[FKDQJH1((YHVLJQDVDWPRVSKHUHLVVLQN
 
2. Methods  
 
2.1 Study areas  
 
7KH %(506 DUHD LV ORFDWHG LQ WKH VRXWKHUQ ERUHDO IRUHVW RI FHQWUDO 6DVNDWFKHZDQ &DQDGD
H[SHULHQFHV a PP DQQXDO SUHFLSLWDWLRQ DQG D PHDQ WHPSHUDWXUH RI a R& 7KH VLWHV ZHUH
HVWDEOLVKHGLQSDUWE\WKH%RUHDO(FRV\VWHPV$WPRVSKHUH6WXG\%25($6LQDQGFRQWLQXHG
IURP  WR  DV SDUW RI DQ HIIRUW WR EHWWHU XQGHUVWDQG WKH LPSDFWV RI FOLPDWH FKDQJH DQG
GLVWXUEDQFH RQ WKH FDUERQ F\FOH RI WHUUHVWULDO HFRV\VWHPV )OX[QHW&DQDGD &DQDGLDQ &DUERQ
3URJUDP 0DUJROLV HW DO  7KH %(506 VLWHV LQFOXGH PDWXUH WUHPEOLQJ DVSHQ Populus 
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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tremuloides DQG EODFN VSUXFH Picea mariana D MDFN SLQH Pinus banksiana FKURQRVHTXHQFH
SHDWODQG DQG IRUHVW ILUH VLWHV ,Q WKLV SDSHU IRXU MDFN SLQH VLWHV KDYH EHHQ VWXGLHG GXH WR WKH
DYDLODELOLW\RIPXOWLSOH$/6GDWDVHWV7KHROGMDFNSLQH2-3VWDQGZDVFOHDUHGLQZKLOVWWKH
RWKHUWKUHHVWDQGVZHUHFOHDUFXWKDUYHVWHGLQ+-3+-3DQG+-37KHVH
IRXUVWDQGVDUHVSUHDGDFURVVDQDUHDRINP[NPUDQJLQJLQHOHYDWLRQIURPPWRPZLWK
VWHPKHLJKWVIRUWKHWZRROGHVWVWDQGVUHDFKLQJaP)LJXUH$% 
7KH7XPEDUXPEDVWXG\VLWHLVLQWKH%DJR6WDWH)RUHVWRIWKHVRXWKHUQWDEOHODQGVRI1HZ6RXWK
:DOHV$XVWUDOLD,WKDVDPRLVWWHPSHUDWHFOLPDWHZLWKDQQXDOSUHFLSLWDWLRQaPPDQGDPHDQ
DQQXDOWHPSHUDWXUHRIR&/HXQLQJHWDO7KHZHWVFOHURSK\OOIRUHVWVLWHUDQJHVLQHOHYDWLRQ
IURP P WR  P LV GRPLQDWHG E\ PDWXUH DOSLQH DVK Eucalyptus delegatensis ZLWK VWHP
KHLJKWV XS WR  P GUDLQV D VPDOO KHDGZDWHU FDWFKPHQW DQG KDV XQGHUJRQH VLJQLILFDQW IRUHVW
PDQDJHPHQW LQ UHFHQW \HDUV )LJXUH & ' 7KH IRFXV RI WKH VWXG\ LV WKH DUHD LPPHGLDWHO\
VXUURXQGLQJDIOX[WRZHUZKLFKOLHVDWWKHERXQGDU\RIWZRVWDQGVWKDWZHUHRSHUDWLRQDOO\WKLQQHGLQ
DQG6XUURXQGLQJWKHVHVWDQGV!PIURPWKHWRZHUFRPPHUFLDOWKLQQLQJRSHUDWLRQV
KDYHRFFXUUHGSULRUWRDQGIROORZLQJWKHLQVWDOODWLRQRIWKH(&IOX[WRZHULQ 

2.2 Data collection 

6XPPHUWLPH$/6GDWDZHUHFDSWXUHGRYHU%(506HDFK$XJXVW IRU DQGXVLQJ D
VPDOOIRRWSULQW PXOWLSOHGLVFUHWHUHWXUQ DLUERUQH ODVHU WHUUDLQPDSSHU $/70 & 2SWHFK ,QF
7RURQWRRSHUDWHGZLWKFRPSDUDEOHIOLJKWDQGVHQVRUVHWWLQJVUHVXOWLQJLQDQDHULDOVDPSOLQJGHQVLW\
! SWVP &RLQFLGHQW ZLWK WKH  $/6 PLVVLRQ VSHFLHV KHLJKW DQG GLDPHWHU DW EUHDVW KHLJKW
'%+ZHUHPHDVXUHGDW[PKDUDGLXVSHUPDQHQWVDPSOHSORWV363VIRU2-3DQG
+-3IRU+-37KHSORWVZHUHORFDWHGLQDUDGLDOSDWWHUQDWPDQGPRXWIURPDIOX[
WRZHU ORFDWHG QHDU WKH FHQWUH RI HDFK VWDQG )LJXUH $ $OO VWHPV GRZQ WR  FP GLDPHWHU ZHUH
PHDVXUHGDQGDOOSORWFHQWUHVZHUHVXUYH\HGZLWKDGXDOIUHTXHQF\GLIIHUHQWLDOJOREDOSRVLWLRQV\VWHP
'*36WRZLWKLQFP)OX[PRQLWRULQJ WRZHUVZHUHRSHUDWLRQDODW WKHVLWHVIURPaWR
PRUHUHFHQWGDWDZHUHFROOHFWHGEXWDUHXQDYDLODEOHDWSUHVHQW
$W7XPEDUXPEDVXPPHUWLPH$/6GDWDZHUHFDSWXUHGLQ'HFHPEHU2SWHFK$/70
1RYHPEHU5LHJO/064DQG-DQXDU\ /HLFD$/6 -DQXDU\ LVDVVXPHG WR
UHSUHVHQW FRQGLWLRQV DW HQG RI  8QOLNH %(506 WKH $/6 GDWD ZHUH QRW FROOHFWHG XVLQJ
HTXLYDOHQW DFTXLVLWLRQ FRQILJXUDWLRQV %DVHG RQ VFDQ JHRPHWU\ GLVFUHWH UHWXUQ SURSHUWLHV DQG
VDPSOLQJGHQVLW\!SWVPWKH2SWHFK$/70DQG/HLFD$/6GDWDVHWVFROOHFWHGQLQH\HDUVDSDUWDW
HQGVRIDQGZHUHWKHPRVWFRPSDUDEOH:LWKLQDSSUR[LPDWHO\NPRIWKHIOX[WRZHUWKHUH
DUH[PUDGLXVKD363,Q'HFHPEHUaRQH\HDUSULRUWRWKH$/6VXUYH\
RIWKH363FHQWUHVZHUHVXUYH\HGZLWKDVLQJOHIUHTXHQF\'*36WRZLWKLQPDQG'%+YDOXHVIRU
DOOVWHPVZHUHUHFRUGHG1((DQG*(3GDWDDUHDYDLODEOHIRUWKHHQWLUHSHULRG

2.3 Analysis 

)LHOGGDWDZHUHXVHGWRHVWLPDWHVWHPDQGSORWOHYHODERYHJURXQGELRPDVV$*%XVLQJHVWDEOLVKHG
VSHFLHVVSHFLILFDOORPHWULFHTXDWLRQV)RUWKHMDFNSLQHVWDQGVVWHPKHLJKWDQG'%+GDWDZHUHXVHG
/DPEHUW HW DO  ZKLOH IRU WKH HXFDO\SW VWDQGV '%+ GDWD DORQH ZHUH DSSOLHG WR D QDWLYH
VFOHURSK\OOIRUHVWHTXDWLRQ .HLWKHWDO1RSORWGDWDZHUHFROOHFWHGDW+-3IRU WKLVVWXG\
EXWELRPHWULFGDWDZHUHFROOHFWHGLQE\7KHHGHDQGDUHDYDLODEOHRQWKH)OX[QHW&DQDGD
'DWD,QIRUPDWLRQ6\VWHP',6KWWSIOX[QHWFFUSHFJFFDHB'DWD$FFHVVKWP&RQVHTXHQWO\$*%
DW+-3ZDVHVWLPDWHGIURPGDWDFROOHFWHGLQ3ORWOHYHOELRPDVVGDWDZHUHXVHGWRWHVW$/6
PRGHOVRIELRPDVVE\H[WUDFWLQJFRLQFLGHQWSRLQWFORXGGDWDDQGUXQQLQJUHJUHVVLRQPRGHOVDJDLQVW
PDQ\ FRPPRQO\ XVHG SRLQW FORXG PHWULFV $OO $/6 SRLQWV ZLWKLQ D SORW ZHUH QRUPDOLVHG E\
FRPSXWLQJHOHYDWLRQ UHVLGXDOV UHODWLYH WRDJURXQGFODVVLILHGGLJLWDOHOHYDWLRQPRGHO '(0VR WKDW
KHLJKWVZHUH UHSRUWHG UHODWLYH WR JURXQG7KH IROORZLQJPHWULFVZHUH WHVWHG IRU DOO UHWXUQV DQG DOO
UHWXUQVDERYHPWRUHPRYHJURXQGLQIOXHQFHPHDQPD[LPXPVWDQGDUGGHYLDWLRQLQWHUTXDUWLOH
UDQJH ,45SHUFHQWLOHV >333333@DQG WKH IROORZLQJ UDWLRV LDOO UHWXUQV DOO
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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UHWXUQV DERYH P LL DOO UHWXUQV  DOO UHWXUQV DERYH DYHUDJH KHLJKW DQG LLL DOO UHWXUQV  DOO ILUVW
UHWXUQVDERYHP6LQJOHYDULDEOHOLQHDUSRZHUORJDQGH[SRQHQWLDOPRGHOVZHUHWHVWHG

 
 
)LJXUH$'(0IRUHVWVWDQGVDQGSORWORFDWLRQVIRU%(506%&DQRS\KHLJKWPRGHO&+0IRU%(506
LOOXVWUDWLQJMDFNSLQHVWDQGKHLJKWVLQ&7XPEDUXPED'(0IRUHVWVWDQGVDQGSORWVZLWKNPUDGLXV
DURXQGWRZHUWRLOOXVWUDWHSUR[LPLW\WRVWDQGVDQGKHDGZDWHUFDWFKPHQW'7XPEDUXPED&+0LQ
LOOXVWUDWLQJYDULDWLRQVLQFDQRS\RSHQQHVVDVVRFLDWHGZLWKGLIIHUHQWVWDQGPDQDJHPHQWSUDFWLFHV 

$QRSWLPDO$/6PRGHOZDVFKRVHQEDVHGRQSUHGLFWLYHFDSDELOLW\DQGFRQVLVWHQF\RILWVDSSOLFDWLRQ
A 
D 
C 
B 
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 4 
WRGLIIHUHQWGDWDVHWV LHDPRGHOFRXOG WKHRUHWLFDOO\ UHSURGXFHSORWOHYHOELRPDVVHVWLPDWHVIRU WKH
\HDU RI FRLQFLGHQW SORW DQG$/6 VDPSOLQJ \HW ZKHQ DSSOLHG WR RWKHU \HDUV SURGXFH XQUHDOLVWLF RU
LQFRPSDUDEOH ELRPDVV HVWLPDWHV DFURVV WKH VDPH ODQGVFDSH $VLGH IURP GLIIHUHQFHV LQ FDQRS\
VDPSOLQJ GXH WR YDULDWLRQV LQ ODVHU SXOVH VWUHQJWK RU JHRPHWU\ +RSNLQVRQ  GLIIHUHQFHV LQ
XQGHUVWRU\JURXQGFRYHU OHDIDUHD LQGH[RUVXUIDFHPRLVWXUHFRXOGSRWHQWLDOO\DOWHU WKHSRLQWFORXG
IUHTXHQF\GLVWULEXWLRQVKDSHDQGWKHUHIRUHWKHHIILFDF\RIWKHFKRVHQPRGHO7HPSRUDOSORWGDWDZHUH
QRW DYDLODEOH IRU WKLV WHVW RI FRPSDUDELOLW\ VR MXGJHPHQW ZDV H[HUFLVHG EDVHG RQ \HDUV RI ILHOG
REVHUYDWLRQVDQGNQRZOHGJHRIFDQRS\FRQGLWLRQVDQGPDQDJHPHQWWUHDWPHQWVDWHDFKVLWH)RUWKHVH
UHDVRQVDVLPSOHXQLYDULDWHPRGHOZDVSUHIHUUHGRYHUDPRUHVRSKLVWLFDWHGPRGHODGRSWLQJPXOWLSOH
YDULDEOHVRUFXUYHILWWLQJWHFKQLTXHVWKDWFRXOGHDVLO\EHWUDLQHGWRDGDWDVHWWKDWLWVHOIPLJKWFRQWDLQ
VLJQLILFDQW XQFHUWDLQW\ 7KH DVVXPSWLRQ LV WKDW D VLPSOHU WHFKQLTXH PLJKW QRW SURGXFH WKH KLJKHVW
DFFXUDF\ PRGHO EXW LW VKRXOG EH PRUH UREXVW IRU FRPSDUDWLYH DQDO\VHV DFURVV D UDQJH RI FDQRS\
KHLJKWVDQGGHQVLWLHVHJ+RSNLQVRQHWDO
2QFHDQ$/6$*%PRGHOZDV FDOLEUDWHG IRU%(506DQG7XPEDUXPED LWZDV DSSOLHG WR WKH
$/6SRLQWFORXGVVXUURXQGLQJHDFKVLWH$/6PRGHOGDWDZHUHJULGGHGWRP[PFHOODUUD\VGXH
WR WKH%(506WUDLQLQJGDWD WKDWZHUHH[WUDFWHGIURPPDUHDVDQGDGHFLVLRQE\$XV&RYHU WR
GHYHORSQDWLRQDO$/6YDULDEOHGDWDVHWVDWWKLVUDVWHUUHVROXWLRQ7KLVUHVROXWLRQZDVDOVRFRQYHQLHQWLQ
WKDW LW HQVXUHG WKHUH ZHUH VXIILFLHQW $/6 SRLQWV LQ HDFK FHOO WR JHQHUDWH D FRPSOHWH IUHTXHQF\
GLVWULEXWLRQZKLOHPLWLJDWLQJ VOLJKW SRVLWLRQDO XQFHUWDLQWLHV LQ DQ\ RI WKH GDWDVHWV FRPSDUHG$*%
ZDV FRQYHUWHG WR $*&$/6 DERYH JURXQG FDUERQ HVWLPDWHG IURP $/6 E\ DVVXPLQJ  RI GU\
ELRPDVVLV&DQGWKXVDSSO\LQJDPXOWLSOLHURI$WMD\HWDOWRWKHPRGHOJULGV
$Q H[SDQVLRQ IDFWRU e LH DPXOWLSOLHU JUHDWHU WKDQZDV DSSOLHG WR$*&$/6 JULGV WR GHULYH
H$*&$/6 DQG DGG LQ D EHORZJURXQGELRPDVV %*% FRPSRQHQW VR WKDW WRZHUEDVHG SURGXFWLYLW\
HVWLPDWHVZRXOGEHPRUHGLUHFWO\FRPSDUDEOHZLWKWKHELRPHWULFHVWLPDWHVGHULYHGIURP$/6'HDG
ELRPDVVDQGRWKHUFDUERQSRROVZHUHQRWLQFOXGHGLQWKLVELRPDVVH[SDQVLRQDVWKHLQWHQWZDVWRPDS
ORQJWHUP SURGXFWLYLW\ JURZWK $W %(506 %*% e IDFWRUV ZHUH GHULYHG IURP WKH ELRPHWULF
GDWDEDVHRQWKH)OX[QHW',6DQGUDQJHGIURPDWWKHPDWXUH2-3VLWHWRRUDGRXEOLQJRI
$*&DWWKH+-3VLWH1RGDWDZHUHDYDLODEOHWRGHULYHDQDFFXUDWHH[SDQVLRQIDFWRUIRUWKHPDWXUH
HXFDO\SWVWDQGVVRDJHQHULFeIDFWRURIZDVDSSOLHG*UHHQKRXVH&KDOOHQJH
$W %(506 DQG7XPEDUXPED VWDQG DQG SORWOHYHO HVWLPDWHV RI H$*&$/6ZHUH HVWLPDWHG IRU
HDFK\HDURI$/6GDWD%\VXPPDULVLQJWKHSORWOHYHOHVWLPDWHVLWZDVSRVVLEOHWRLQIHUZKHWKHURU
QRWWKHSORWVDFFXUDWHO\FDSWXUHGWKHVSDWLDOYDULDELOLW\RIELRPDVVZLWKLQWKHVWDQGV7KHWRWDOFKDQJH
LQDERYHJURXQGFDUERQH$*&$/6ZDVFDOFXODWHGE\GLIIHUHQFLQJWKHJULGDUUD\VDQGVXPPDULVLQJ
E\VWDQGSORWDQGLQWKHFDVHRI7XPEDUXPEDWKHNPUDGLXVDUHDVXUURXQGLQJWKHIOX[WRZHU7KHVH
UHVXOWV ZHUH WKHQ FRPSDUHG ZLWK DYDLODEOH *(3 UHFRUGV %(506 DQG 1(( DQG *(3
7XPEDUXPEDWRDVVHVVWKHUHODWLYHPDJQLWXGHVRIELRPHWULF$/6HVWLPDWHVRIIRUHVWFDUERQVWRUDJH
FKDQJHZLWKWKRVHREWDLQHGIURPDWPRVSKHULFIOX[PHDVXUHPHQWV 

3. Results and discussion  
 
3.1 AGCALS model 

3ORWOHYHO$*%GHULYHGIURPDOORPHWULFHTXDWLRQVUDQJHGIURPDPLQLPXPRIW&KDDW+-3WRD
PD[LPXPRIW&KDDW2-3DQGW&KDWRW&KDRYHU7XPEDUXPEDVWDQGV$W%(506
WKH ILHOGPHQVXUDWLRQDQGDOORPHWULFHTXDWLRQVFRQWDLQHGPRUH LQIRUPDWLRQDQGUHVXOWHG LQ UHGXFHG
XQFHUWDLQW\ LQWKHELRPDVV WUDLQLQJGDWDWKDQDW7XPEDUXPED&RQVHTXHQWO\ LWHUDWLYHPRGHO WHVWLQJ
ZDVSHUIRUPHGRQWKH%(506GDWDILUVWDQGZKHQVXLWDEOHPHWULFVLGHQWLILHGWHVWLQJZDVWKHQ
FDUULHGRXWRQWKH7XPEDUXPEDGDWD3ORWOHYHOPRGHOUHVXOWVIRU%(506DUHSUHVHQWHGLQ7DEOH
7KHEHVWILWUHJUHVVLRQPRGHOXVLQJDVLQJOHLQGHSHQGHQWYDULDEOHDW%(506ZDVDSRZHUIXQFWLRQ
RIWKHDYHUDJHKHLJKW$YJDOORIWKHµDOOUHWXUQ¶SRLQWFORXGGLVWULEXWLRQU 506( W&KD
Q +RZHYHUWKLVPRGHOZDVFRQVLGHUHGXQVXLWDEOHIRUIRXUUHDVRQVLLWGLGQRWSDVVWKURXJKWKH
RULJLQDQGLWLVWREHH[SHFWHGWKDWDW]HUR$*%WKHUHVKRXOGEHQRSRLQWFORXGGDWDDSDUWIURPQRLVH
RYHUO\LQJ WKHJURXQGVXUIDFH LLRXWVLGH WKHKHLJKW UDQJHRI WKH WUDLQLQJGDWDVHWELRPDVVHVWLPDWHV
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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LQFUHDVHGXQUHDOLVWLFDOO\IRUVPDOOLQFUHDVHVLQ$YJDOOLLLZKHQDSSOLHGWRDQGGDWDVHWVWKH
JULGFRPSDULVRQVGHPRQVWUDWHGXQUHDOLVWLFJDLQVDQGORVVHVLQELRPDVVDWORFDWLRQVZKHUHLWLVNQRZQ
ELRPDVVZDVDFFXPXODWLQJDWDUHODWLYHO\VWHDG\VWDWH LY$YJDOOZDVVHQVLWLYHWRRXWOLHUVDVVRFLDWHG
ZLWKVFDQDUWHIDFWVLQVZDWKRYHUODSUHJLRQV)URP7DEOHLWLVDOVRFOHDUWKDWVLPSOHOLQHDUPRGHOV
ZLWKDPRUHSK\VLFDOO\UHDOLVWLF]HURRULJLQSURGXFHGPRGHOUHVXOWVWKDWZHUHQRWDSSUHFLDEO\LQIHULRU
WRQRQOLQHDUPRGHOV$YJDOOVWLOOSURGXFHGWKHEHVWILWPRGHOWRWKHWUDLQLQJGDWDLHU EXW
VWLOOVXIIHUHGIURPDUWHIDFWVDQGXQUHDOLVWLFFRPSDULVRQUHVXOWVZKHQDSSOLHGWRVXEVHTXHQWGDWDVHWV 

7DEOH3ORWOHYHO$*&$/6PRGHOWHVWUHVXOWVDWWKH%(506MDFNSLQHVWDQGV 

3RLQWFORXG
PHWULF
$OOUHWXUQV $OOUHWXUQV!P
OLQHDUPRGHOWKURXJKRULJLQ
U
QRQOLQHDUPRGHOU OLQHDUPRGHOWKURXJKRULJLQ
U
QRQOLQHDUPRGHOU
3    
3    
3    
3    
3    
3    
0D[    
$YJDOO    
6'    
,45DOO    
$OO    
$OODYJ    


)LJXUH/LQHDUEHVWILWPRGHOVRI$*&$/6IURP,45DOODW%(506DQG7XPEDUXPED

,QWHUTXDUWLOHUDQJH,45DOOZDVIRXQGWRSURGXFHWKHEHVWFRPSURPLVHEHWZHHQDFFXUDWHPRGHOUHVXOWV
U  506(    W &KD Q    DQG UHDOLVWLF WHPSRUDO FRPSDULVRQV ,45DOO ZDV WKRXJKW WR
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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SURYLGHDVXSHULRUYDULDEOHIRUELRPDVVSUHGLFWLRQEHFDXVHLWUHSUHVHQWVDVXUURJDWHPHDVXUHRIRYHUDOO
SRLQWFORXGKHLJKWDQGGHQVLW\ZLWKRXWEHLQJRYHUVHQVLWLYHWRWKHWDLOVRIWKHGLVWULEXWLRQ,45DOOZDV
DOVR IRXQG WRSURYLGH WKHEHVW ILWPRGHO DW7XPEDUXPED U 506(  W&KDQ 
)LJXUH  7KDW U ZDV ORZHU WKDQ DW %(506 LV OLNHO\ GXH WR WKH SORW ELRPDVV HVWLPDWHV EHLQJ
JHQHUDWHGIURP'%+RQO\DQGWKHDGRSWLRQRIDPRUHJHQHULFDOORPHWULFHTXDWLRQ1RQHWKHOHVVLWLV
HQFRXUDJLQJ WKDW DW WZR VLWHVZLWK YHU\ GLIIHUHQW FDQRS\ VWUXFWXUH DQG$/6 SRLQW FORXG DWWULEXWHV
ELRPDVVFRXOGEH UHDVRQDEO\DFFXUDWHO\SUHGLFWHGXVLQJD VLPSOH OLQHDU IXQFWLRQRI WKHSRLQWFORXG
,457KHPXOWLSOLHUZDV ORZHUDW WKH MDFNSLQHVLWHVDQG WKLV LV OLNHO\EHFDXVHRI WKH VKRUWHU WUHHV
KLJKHUVWHPGHQVLWLHVDQGPRUHFOXPSHGFDQRS\ELRPDVVFKDUDFWHULVWLFRIWKHERUHDOIRUHVW

3.2 Stand-level  eAGCALS  

6WDQGDQGSORWOHYHOHVWLPDWHVRIH$*&$/6DQGH$*&$/6)LJXUH$DW%(506ZHUHVLPLODUDQG
ZLWKLQWKHUDQJHRIREVHUYHGVWDQGDUGGHYLDWLRQV7DEOH+RZHYHUVWDQGOHYHOELRPDVVHVWLPDWHV
IRU2-3ZHUHDOPRVWJUHDWHUWKDQWKRVHFDOFXODWHGIURPWKHPRGHOHGUHVXOWVDWWKHSORWORFDWLRQV
DORQH7KLVGLVFUHSDQF\LVEHFDXVHWKHSORWVZHUHORFDWHGDURXQGWKHIOX[WRZHUZKLFKLVLQDQDUHDRI
UHODWLYHO\ VKRUW FDQRS\ )LJXUH % DQG WKHUHIRUH ORZELRPDVVZKHQ FRPSDUHG WR WKH UHVW RI WKH
VWDQG&RQVHTXHQWO\ZKLOHWKHSORWVSURYLGHDUHDVRQDEOHHVWLPDWHRIELRPDVVLQWKHDUHDDURXQGWKH
WRZHU WKH HVWLPDWH DJJUHJDWHG IURP WKH UDVWHU FHOOV ZLWKLQ WKH VWDQG LV SUREDEO\ D PRUH UHOLDEOH
LQGLFDWRURIPRUHZLGHVSUHDGMDFNSLQHFRQGLWLRQVIRUDVWDQGRIWKLVDJHDQGLQWKLVUHJLRQ

7DEOH%(506VWDQGDQGSORWOHYHOH$*&$/6HVWLPDWHVDQGWKHDVVRFLDWHGFKDQJHEHWZHHQ\HDUVVXUYH\HG
$OVRVKRZQLVWKHUDWLRRIH$*&$/6WRPHDQ*(3IRUWKHVWXG\SHULRG*(3SHULRGVYDU\GXHWRDYDLODELOLW\

6WDQGOHYHO 0HDQH$*&$/6W&KD 
6'
H$*&$/6W&KD H$*&$/6*(3

       *(3HVWLPDWHG
+-3       
+-3       
+-3       
2-3       
3ORWOHYHO   
+-3       
+-3       
2-3       

1((DQG*(3ZHUHQRW DYDLODEOH IRU DOO RI  WRDW DOO WKH%(506MDFNSLQH VLWHV0HDQ
DQQXDOH$*&$/6ZDVWKHUHIRUHFRPSDUHGWRPHDQDQQXDO*(3IRUWKH\HDUVRIGDWDDYDLODELOLW\DW
HDFK VLWH WR GHULYH DQ HVWLPDWH RI µ*(3 HIILFLHQF\¶ LH DQ HVWLPDWH RI WKH SURSRUWLRQ RI *(3
SKRWRV\QWKHVLVWKDWKDVEHHQXWLOL]HGZLWKLQHDFKVWDQGWRLQFUHDVHLWVWRWDOOLYLQJELRPDVV7DEOH
)URPWKLVZHLQIHUWKDW*(3HIILFLHQF\DWWKHMDFNSLQHVWDQGVLVVPDOOHVWDWWKH\RXQJHVWDQGROGHVW
VLWHV+-3DQG2-3UHVSHFWLYHO\DQG LVKLJKHVWDW WKH LPPDWXUH+-37KHVHHVWLPDWHVVXJJHVW
DQQXDO ZRRG\ ELRPDVV LQFUHDVHV DUH VPDOO UHODWLYH WR VHDVRQDO ELRPDVV SURGXFWLRQ DQG ELRPDVV
UHSODFHPHQWDW\RXQJVLWHVZKHUHWKHUHLVKLJKPRUWDOLW\DQGLQPDWXUHVLWHVZKHUHDKLJKSURSRUWLRQ
RI*(3JRHVLQWRPDLQWDLQLQJDOUHDG\KLJKOHYHOVRIELRPDVV

7DEOH7XPEDUXPEDH$*&$/6HVWLPDWHVDQGWKHDVVRFLDWHGFKDQJH  

  0HDQH$*&$/6W&KD H$*&$/6W&KD
 
  
/RFDWLRQ $UHDKD $YJ 6' $YJ 6' 
7RZHUVWDQGV      
NPUDGLXVDURXQGWRZHU      
)LHOGSORWV       

$W7XPEDUXPEDVWDQGNPWRZHUUDGLXVDQGDJJUHJDWHGILHOGSORWH$*&$/6HVWLPDWHVYDULHGE\
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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W&KDRUDQGW&KDRUDQGWKHVHGLIIHUHQFHVZHUHZLWKLQWKHUDQJHRI
REVHUYHG VWDQGDUG GHYLDWLRQV 7DEOH  ,Q ERWK \HDUV SORW HVWLPDWHV ZHUH WKH ORZHVW ZLWK VWDQG
HVWLPDWHVEHLQJ WKHKLJKHVW DQG WKHNP WRZHU UDGLXV DUHDEHLQJ LQWHUPHGLDWH7KH LPSOLFDWLRQRI
WKHVHUHODWLYHO\VPDOOGLIIHUHQFHVLQELRPDVVHVWLPDWHLVFOHDULQWKHH$*&$/6HVWLPDWHVZKHUHWKH
SORWEDVHGHVWLPDWHLVWKDWRIWKHWRZHUUDGLXVDQGWKDWRIWKHVWDQGVVXUURXQGLQJWKHWRZHU
7KHVHREVHUYDWLRQVLOOXVWUDWHODUJHVSDWLDOYDULDELOLW\LQELRPDVVFKDQJHDFURVVWKLVHXFDO\SWXVIRUHVW
HFRV\VWHP)LJXUH%DQGDQLQKHUHQWFKDOOHQJHLQLGHQWLI\LQJWKHLGHDOVSDWLDOGRPDLQIRUHFRV\VWHP
FKDUDFWHUL]DWLRQ7KLVLVSDUWLFXODUO\LPSRUWDQWZKHQUHODWLQJELRPHWULFHVWLPDWHVRIELRPDVVFKDQJH
WR WRZHUEDVHGHVWLPDWHVRIHFRV\VWHPSURGXFWLYLW\DQG WKXVKLJKOLJKWV WKHQHHG WR LQWHJUDWHVSDWLDO
$/6DQGSRLQWEDVHG(&GDWDXVLQJIOX[IRRWSULQWPRGHOV.OMXQHWDO&KDVPHUHWDO

 
)LJXUHH$*&$/6DW%(506\UVDQG7XPEDUXPED\UV%LRPDVVORVVHVDWERWKVLWHVDUHSULPDULO\GXH
WRFRPPHUFLDOWKLQQLQJRSHUDWLRQVZKLOHJDLQVDUHGXHWRQDWXUDOVWHPJURZWK 

,QWKHXQGLVWXUEHGVWDQGDUHDZKHUHWKH(&IOX[WRZHULVVLWXDWHGH$*&$/6LQGLFDWHVWKHUHKDVEHHQ
aW&KDQHWELRPDVVDFFXPXODWLRQRYHUQLQH\HDUV7KLVUHSUHVHQWVaRIFXPXODWLYH1((W
&KDDQGaRIWKHFXPXODWLYHDQQXDO*(3W&KD6LPLODUWRWKHROGHU%(5062-3DQG
+-3 VWDQGV WKLV VXJJHVWV WKDW a RI WKH &2 XSWDNH LV XVHG WR VXSSRUW VHDVRQDO JURZWK WKDW
VXEVHTXHQWO\GLHVDQGLQ UHSODFLQJELRPDVV ORVWIURPPDWXUH WUHHV2YHUWKHORQJHU WHUP WKH 1((
QHW&2XSWDNHGRHVQRWEDODQFHWKH$/6PRGHOHGFKDQJHLQELRPDVV6RPHRIWKLV LPEDODQFH LV
OLNHO\ GXH WR VSDWLDO XQFHUWDLQW\ LQ WKH WRZHU IRRWSULQW H IDFWRU DVVXPSWLRQHUURUV SORWOHYHO
DOORPHWULFELRPDVVHVWLPDWHVRUGXH WR LQFRQVLVWHQF\ LQ WKH WZR$/6GDWDVHWV 6RPH LPEDODQFH LV
H[SHFWHGGXHWRVRLORUJDQLFPDWWHUGHFRPSRVLWLRQDQGKHWHURWURSKLF UHVSLUDWLRQEXWWKLV ORVVZRXOG
DFW WRFORVH WKHJDSZH VHHQRWZLGHQ LW0RUHHIIRUW LV UHTXLUHG WRXQGHUVWDQGDQGPLWLJDWH WKHVH
PHDVXUHPHQW XQFHUWDLQWLHV ,I LQGHHG KRZHYHU WKHUH LV D ODUJH GLIIHUHQFH EHWZHHQ $/6PRGHOHG
ELRPDVV DFFXPXODWLRQDQG WRZHUEDVHGHVWLPDWHVRI1(( WKLV VXJJHVWV HLWKHUD ODUJH DQGJURZLQJ
VWRUDJHRI&2LQWKHHFRV\VWHPRUH[SRUWRXWRIWKHHFRV\VWHPYLDDSDWKZD\WKDWLVXQDFFRXQWHGIRU 

4. Conclusions  

$VWUDLJKWIRUZDUG$/6EDVHGDSSURDFKWRPRQLWRULQJ WKHFDUERQ LQOLYLQJ WUHHELRPDVV LQPDQDJHG
A B 
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IRUHVWVKDVEHHQSUHVHQWHG%\FRPSDULQJWKHVHGDWDZLWK(&IOX[EDVHGHVWLPDWHVRI1((DQG*(3
LWLVSRVVLEOHWRSDUWLWLRQHFRV\VWHPSURGXFWLRQLQWRJURZWKFRPSRQHQWVDVVRFLDWHGZLWKLVXVWDLQHG
ELRPDVVDFFXPXODWLRQRILQWHUHVWIURPDFRPPHUFLDOJURZWKDQG\LHOGSHUVSHFWLYHDQGLLVHDVRQDO
ELRPDVVF\FOLQJDQGUHSODFHPHQW0RUHUHVHDUFKLVQHHGHGWRXQGHUVWDQGORQJWHUP&2VWRUDJHVDQG
SDWKZD\V ZLWKLQ WKH ERUHDO MDFN SLQH DQG WHPSHUDWH HXFDO\SWXV HFRV\VWHPV VWXGLHG DQG WKH
XQFHUWDLQWLHVSURSDJDWHGGXULQJWKH$/6ELRPDVVPRGHOOLQJVWDJHVDGRSWHGLQWKLVVWXG\

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Robust characterization of forest canopy structure types using 
full-waveform airborne laser scanning 

5/HLWHUHU)0RUVGRUI0(6FKDHSPDQ:0FNH0+ROODXV13IHLIHU

5HPRWH6HQVLQJ/DERUDWRULHV8QLYHUVLW\RI=XULFK:LQWHUWKXUHUVWUDVVH
=XULFK6ZLW]HUODQG(PDLOUOHLWHUHIHOL[PRUVGRUIPLFKDHOVFKDHSPDQ#JHRX]KFK
,QVWLWXWHRI3KRWRJUDPPHWU\DQG5HPRWH6HQVLQJ9LHQQD8QLYHUVLW\RI7HFKQRORJ\
*XVVKDXVVWUDVVH9LHQQD$XVWULD(PDLOZPQSPK#LSIWXZLHQDFDW

3DSHU1XPEHU6/

1. Introduction 

)RUHVWV FRYHU DOPRVW RQH WKLUG RI WKH WRWDO ODQG VXUIDFH RI WKH (DUWK 7KHUHIRUH WKH\ SOD\ D
SLYRWDOUROHLQWKHJOREDOELRJHRFKHPLFDODQGSK\VLFDOF\FOHVEHWZHHQDWPRVSKHUHDQGWKHODQG
VXUIDFH 5RVV  %HWWV et al.  8QGHUVWDQGLQJ DVVHVVLQJ DQG TXDQWLI\LQJ IRUHVW
HFRV\VWHPJRRGVDQGVHUYLFHVDQG WKHLUXQGHUO\LQJSURFHVVHV 'H*URRWet al.KHOSV WR
SURMHFWWKHGHYHORSPHQWRIELRJHRFKHPLFDOF\FOHVXQGHUFKDQJLQJFOLPDWHFRQGLWLRQV -RQVVRQ
DQG:DUGOH6LHUUDet al.DQGWRGHYHORSVXVWDLQDEOHPDQDJHPHQWVWUDWHJLHV3XUYHV
DQG3DFDOD3DUWLFXODUO\WKHFRPSOH[WKUHHGLPHQVLRQDOGLVWULEXWLRQRIJHRPHWULFREMHFWV
DQGWKHLUWRSRORJ\ZLWKLQIRUHVWVFDQRSLHVKHUHWHUPHGforest canopy structure1DGNDUQLet al.
'LVQH\et al.LQIOXHQFHVWKHIOX[HVRIHQHUJ\DQGPDWWHUEHWZHHQWKHDWPRVSKHUH
DQG IRUHVWV ;XH et al.  <DQJ DQG )ULHGO  DQG LV RQH RI WKH FULWLFDO YDULDEOHV WR
GHWHUPLQHIRUHVWVWDQGUHVLVWDQFHWRGLVWXUEDQFHVDQGWRHVWLPDWHWKHFRQVHUYDWLRQSRWHQWLDOIRU
ELRGLYHUVLW\.D\HVDQG7LQNHU/LQGHQPD\HUet al.
$VVHVVLQJ IRUHVW FDQRS\ VWUXFWXUH LV GLIILFXOW FRQYHQWLRQDO ILHOGZRUN LV WLPHFRQVXPLQJ
VXEMHFWLYH DQG PRVWO\ OLPLWHG LQ LWV VSDWLDO H[WHQW )RRG\  +DDUD DQG /HVNLQHQ 
6WUDQGet al.ZKHUHDVWUDGLWLRQDOUHPRWHVHQVLQJPHWKRGVDUHODFNLQJ LQIRUPDWLRQLQWKH
YHUWLFDO GLPHQVLRQ -RQHV et al.  +DOO et al.  5REHUWV et al. $LUERUQH ODVHU
VFDQQLQJ $/6 V\VWHPV KDYH EHHQ VKRZQ WR EH VXLWDEOH IRU SURYLGLQJ QRW RQO\ KRUL]RQWDO
LQIRUPDWLRQ RQ WKH IRUHVW FDQRS\ VWUXFWXUH EXW DOVR H[SOLFLW YHUWLFDO LQIRUPDWLRQ GXH WR WKH
FDQRS\ SHQHWUDWLRQ RI WKH HPLWWHG VLJQDO .DDUWLQHQ et al.  /HHXZHQ DQG 1LHXZHQKXLV
&DQRS\ VWUXFWXUHPHWULFV GHULYHGE\$/6 LQFOXGH JHRPHWULF YDULDEOHV VXFK DV FDQRS\
KHLJKW FDQRS\ YROXPH DQG FDQRS\ EDVH KHLJKW DVZHOO DV ELRSK\VLFDO YDULDEOHV VXFK DV WKH
3ODQW$UHD,QGH[3$,RUWKHFDQRS\FRYHU+LONHUet al.0RUVGRUIet al.+RZHYHU
H[LVWLQJDSSURDFKHVPRVWO\LQFOXGHPDQXDOSURFHVVLQJVWHSVRUQHHGDGGLWLRQDOGDWDDERXWVWDQG
FKDUDFWHULVWLFVHJWUHHVSHFLHVDJH$QWRQDUDNLVet al. .RUSHODet al..LPet al.
) 7KHUHIRUH D UREXVW DQG WUDQVIHUDEOH PHWKRG LV EDVLFDOO\ QHHGHG WR SURYLGH D PRUH
HIILFLHQW PRQLWRULQJ RI IRUHVW FDQRS\ VWUXFWXUH DV ZHOO DV WR LPSURYH WKH UREXVWQHVV DQG
UHOLDELOLW\RIGHULYHGVWUXFWXUHYDULDEOHVDVLQSXWIRUHQYLURQPHQWDOPRGHOLQJHJIRUG\QDPLF
JOREDOYHJHWDWLRQPRGHOVRUIRUHVWJDSPRGHOV
7RPHHW WKHVH UHTXLUHPHQWVZH XWLOL]HG WKH FRQFHSWRI IRUHVW FDQRS\ VWUXFWXUH W\SHV &67V
(DFKVSHFLILF&67UHSUHVHQWVDXQLTXHVHWRIIRUHVWFDQRS\VWUXFWXUDOYDULDEOHV7KXVDUHDVZLWK
WKHVDPH&67DUHDVVXPHGWREHKRPRJHQRXVLQWHUPVRIIRUHVWFDQRS\VWUXFWXUH:HGHYHORSHG
D UREXVW DQG SK\VLFDO EDVHG PHWKRG XVLQJ IXOOZDYHIRUP $/6 GDWD XQGHU OHDIRQOHDIRII
FRQGLWLRQV LQ D GHFLGXRXVGRPLQDWHG IRUHVW VWDQG WR H[WUDFW D VHWRI IRUHVW VWUXFWXUH YDULDEOHV
FURZQDQGFDQRS\GLPHQVLRQVWUHHSRVLWLRQWUHHW\SHVDQGRFFXUUHQFHRIXQGHUVWRU\DVLQSXW
IRUWKH&67GHULYDWLRQ)RUWKHYDOLGDWLRQZHXVHG'LJLWDO+HPLVSKHULFDO3KRWRJUDSK\'+3
7HUUHVWULDO/DVHU6FDQQLQJ7/6DQGIRUHVWLQYHQWRU\GDWD  
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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2. Method 
 
)RUHVW VWUXFWXUH YDULDEOHV FKDUDFWHUL]H FDQRSLHV DW GLIIHUHQW VSDWLDO VFDOHV IRU H[DPSOH RQ
LQGLYLGXDO WUHH OHYHO HJ FURZQ OHQJWK RQ VWDQG OHYHO HJ PHDQ FDQRS\ KHLJKW RU RQ
ODQGVFDSH OHYHO HJ SURSRUWLRQ RI FDQRS\ FRYHU 6KXJDUW et al  ,Q WKLV VWXG\ IRUHVW
FDQRS\VWUXFWXUHZLOOEH LQYHVWLJDWHGRQ WKH LQGLYLGXDO WUHH OHYHODQG EDVHGRQD UHJXODUJULG
UHSUHVHQWLQJWKHVWDQGOHYHO
 
2.1 Study area and data 
 
,QWKHDSSURDFKSUHVHQWHGLQWKLVVWXG\ZHXVHIXOOZDYHIRUP$/6GDWDLQD[PWHVW
VLWH7KHGDWDDFTXLVLWLRQZDVSHUIRUPHGXQGHU OHDIRQXVLQJ5,(*/¶V/064LVFDQQHU
DQGOHDIRIIXVLQJ5,(*/¶V/064VFDQQHUFDQRS\FRQGLWLRQVLQDPDLQO\VHPLQDWXUDO
GHFLGXRXVGRPLQDWHGIRUHVWVWDQG LQ/DHJHUHQ6ZLVV-XUD¶1¶(\LHOGLQJ LQ WZR
LQGHSHQGHQWGDWDVHWV7KHXVHGVHQVRUVSHFLILFDWLRQVDUHVXPPDUL]HGLQ7DEOHDQGGHVFULEHG
PRUHLQGHWDLOLQ:DJQHUet al.DQG5,(*/VVSHFLILFVHQVRUGRFXPHQWDWLRQV 

7DEOH8VHGVHQVRUVSHFLILFDWLRQVRI5,(*/¶VODVHUVFDQQHU/064DQG/064L

 /064 /064L
SXOVHUHSHWLWLRQUDWH>+]@ +]
VFDQDQJOH>GHJ@ GHJ
PHDQRSHUDWLQJDOWLWXGHDERYHJURXQG>P@ P
GDWHRIDFTXLVLWLRQ    

7KHGHQVH IRUHVWVWDQG LVFKDUDFWHUL]HGE\VWHHS WRSRJUDSKLF UHOLHI VORSHXS WRDQGKLJK
VSHFLHVGLYHUVLW\ PRVWO\Fagus sylvatica (L.)Picea abies (L.) KarstFraxinus excelsior (L.)
DQG Acer pseudoplatanus (L.) DJH  \HDUV DQG GLDPHWHU GLVWULEXWLRQ  FP
(XJVWHUet al.)RUWKHLQYHVWLJDWHGDUHDDQH[WHQVLYHVHWRIJURXQGEDVHGUHIHUHQFHGDWD
LV DYDLODEOH PDLQO\ PHDVXUHG GXULQJ ILHOG FDPSDLJQV LQ 6HSWHPEHU  '+3V 7/6 DQG
IRUHVW LQYHQWRU\GDWD$OO ILHOGPHDVXUHPHQWVZHUHJHRUHIHUHQFHGDQGFRUHJLVWHUHGEDVHGRQ
WUDGLWLRQDOWHUUHVWULDOODQGVXUYH\LQJE\DWRWDOVWDWLRQDQGD*166UHDOWLPHNLQHPDWLFV\VWHP

2.2 Data pre-processing 
 
7KH EHQHILW RI IXOOZDYHIRUP GDWD LV WKH DSSUR[LPDWLRQ RI WKH HQWLUH EDFNVFDWWHUHG VLJQDO E\
GLJLWL]DWLRQ ZKLFK IDFLOLWDWHV WKH H[WUDFWLRQ RI DGGLWLRQDO IHDWXUHV RI HDFK UHIOHFWLQJ REMHFW
ZLWKLQ WKH $/6 IRRWSULQW 7R GHWHFW DQG H[WUDFW VSHFLILF REMHFW UHIOHFWLRQV *DXVVLDQ SXOVH
HVWLPDWLRQ ZDV DSSOLHG LQ RUGHU WR REWDLQ UHSUHVHQWDWLYH HFKR GHVFULSWLRQV ,Q SDUWLFXODU WKLV
LQFOXGHV WKH GHULYDWLRQ RI WKH SRLQW FORXG ZLWK LWV EDVLF DQG HVWDEOLVKHG JHRPHWULFDO
FKDUDFWHULVWLFV RI UHIOHFWRUV EXW DGGLWLRQDOO\ WKH SK\VLFDO GHVFULSWLRQ RI HDFK UHIOHFWRU ZLWK
LQIRUPDWLRQVXFKDVDPSOLWXGHZLGWKDQGLQWHQVLW\RIHDFKVSHFLILFHFKR
,QD ILUVW VWHSZHH[WUDFWHG WKHJURXQG UHWXUQV IURP WKHSRLQWFORXGXVLQJ WKHVLQJOHDQG ODVW
HFKRHVWKHLUJHRPHWULFDOFKDUDFWHULVWLFVDQGHFKRZLGWKLQIRUPDWLRQ0FNHet al.%DVHG
RQ WKH PHWKRG E\ (YDQV DQG +XGDN  ZH GHYHORSHG D QHZ DGDSWLYH PXOWLVFDOH ILOWHU
DOJRULWKP $V SDUW RI WKH ILOWHULQJ D NHUQHO EDVHG TXHU\ ZDV DSSOLHG WR WKH VHOHFWHG JURXQG
UHWXUQHFKRHVWRGHWHFWDUHDVZLWKKLJKGHYLDWLRQVLQKHLJKWYDOXHVVORSH:LWKLQWKHVH
DUHDVDFRPELQDWLRQRIRSWLPL]HGVSOLQHIXQFWLRQDQDO\VHVDPRXQWRIORFDOPD[LPDDQGDVFDOH
GHSHQGHQW PXOWLSRLQW WULDQJXODWLRQ LQ D [ DQGRU [ NHUQHO ZDV DSSOLHG WR H[FOXGH
QRQJURXQG SRLQWV IURP WKH SRLQW FORXG 7KH VSOLQH IXQFWLRQ DSSURDFK DOORZV D UHOLDEOH
GLVWLQFWLRQEHWZHHQKHLJKWGHYLDWLRQVFDXVHGE\WKHVWHHSWHUUDLQDQGWKHOHVVFRQWLQXRXVKHLJKW
GHYLDWLRQV FDXVHG E\ DUWLILFLDO REMHFWV RU GHQVH YHJHWDWLRQ 7KH UHPDLQLQJ SRLQWV ZHUH
LQWHUSRODWHGDSSO\LQJDQRUGLQDU\NULJLQJWRD[PGLJLWDOWHUUDLQPRGHO'70$GGLWLRQDO
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D[PGLJLWDOVXUIDFHPRGHO'60ZDVSURFHVVHGXVLQJWKHILUVWHFKRUHIOHFWLRQVDQGWKHLU
FRUUHVSRQGLQJ HFKRZLGWK$IWHUZDUGV WKH FDQRS\KHLJKWPRGHO &+0ZDV FDOFXODWHG IURP
WKHGLIIHUHQFHEHWZHHQ'60DQG'70)LQDOO\IRUHDFKSRLQWRIWKHSRLQWFORXGZHGHWHUPLQHG
WKHKHLJKWDERYHJURXQGDVZHOODVWKHDFFRUGLQJ'70'60DQG&+0YDOXHV

2.3 Extraction of structure variables on tree level 

7KHFKDUDFWHUL]DWLRQRIWKHFURZQVWUXFWXUHRILQGLYLGXDOWUHHVUHTXLUHVWKHVHJPHQWDWLRQRIWKH
IXOO SRLQW FORXG LQWR VSHFLILF SRLQW FORXGV RI WKH VLQJOH WUHHV $V LQSXW IRU WKH SRLQW FORXG
VHJPHQWDWLRQDVHWRIVHHGSRLQWVLVQHFHVVDU\UHSUHVHQWLQJWKHSRVLWLRQRIWKHLQGLYLGXDOWUHHV
7RGHWHFWXQGHUVWRU\WUHHVDVZHOOZHDSSOLHGDQLWHUDWLYHWKUHHGLPHQVLRQDOJUD\VFDOHGLODWLRQ
RQWKHSRLQWFORXGEDVHGRQDQHOOLSVRLGVKDSHGVWUXFWXULQJHOHPHQWSZLWKDSUHGHILQHGGRPDLQ
DS$GDPV$FFRUGLQJO\DOOUHVXOWLQJORFDOPD[LPDZHUHXVHGDVLQLWLDOVHHGSRLQWVIRUD
VWDQGDUGNPHDQVFOXVWHULQJ7KHFOXVWHULQJZLWKDQ(XFOLGHDQPHWULFIDYRUVEDOOVKDSHGFOXVWHUV
LQDWKUHHGLPHQVLRQDOIHDWXUHVSDFH'XHWRWKHKLJKYDULDWLRQVLQWKHYHUWLFDOH[WHQWRIWKHSRLQW
FORXGDVFDOLQJRIWKHKHLJKWYDOXHV]FRRUGLQDWHVZDVDSSOLHGXVLQJWKHUDWLRRIWKHUHVSHFWLYH
&+0YDOXHWRWKHKHLJKWDERYHJURXQGRIHDFKVSHFLILFSRLQW%DVHGRQWKHUHVXOWLQJLQGLYLGXDO
SRLQW FOXVWHUV ZH FDOFXODWHG WKH DOSKD VKDSH 9DXKNRQHQ et al.  WR EH DEOH WR GHULYH
DGGLWLRQDOFURZQVSHFLILFYDULDEOHVVXFKDVFURZQYROXPHRUFURZQGLDPHWHU 
)RU DOO SRLQWVZLWKLQ WKH LQGLYLGXDO DOSKD VKDSHVZH LQYHVWLJDWHG WKH YDULDWLRQV LQ WKH SRLQW
GLVWULEXWLRQEHWZHHQWKHOHDIRQDQGOHDIRIIDFTXLVLWLRQVHJSHUFHQWDJHGLVWULEXWLRQLQYHUWLFDO
H[WHQW%DVHGRQWKHGLIIHUHQFHVXVLQJDVLJQLILFDQFHOHYHORIZHGLVWLQJXLVKHGGHFLGXRXV
IURP FRQLIHURXV WUHHV7KLV DWWULEXWH DVZHOO DV WKH LQIRUPDWLRQ DERXW WKH XQLTXH SRLQW FORXG
PHPEHUVKLSZDVDGGHGWRHDFKSRLQWZLWKLQWKHFURZQ 
 
2.4 Determination of canopy structure types (CSTs) 

7R GHULYH &67V ZH DQDO\]HG WKH YHUWLFDO VWUDWLILFDWLRQ DQG SURSHUWLHV RI WKH VSHFLILF SRLQW
FOXVWHUVEDVHGRQ&DUWHVLDQJULGVZLWK[P[PDQG[PSL[HOVL]HUHVSHFWLYHO\
'HSHQGLQJ RQ WKH UHVSHFWLYH VSDWLDO VFDOH ZH H[WUDFWHG WKH FRPPRQ FDQRS\ YDULDEOHV PHDQ
FDQRS\ KHLJKW FDQRS\ FRYHU PHDQ OHQJWK RI OLYH FDQRS\ PHDQ KHLJKW WR FDQRS\ EDVH WKH
RFFXUUHQFH DQG KHLJKW RI XQGHUVWRU\ DQG WKH IROLDJH GLVWULEXWLRQ DV ZHOO DV WKHLU YDULDWLRQV
ZLWKLQWKHSL[HOH[FHSWIRUWKH[PJULG7KLVLQFOXGHVLQIRUPDWLRQDERXWWKHRFFXUUHQFHRI
YDULRXVFDQRSLHV LQDYHUWLFDOFROXPQDQG WKHVSHFLHVFRPSRVLWLRQ LQ WHUPVRIFRQLIHURXVDQG
GHFLGXRXVWUHHV)LJXUHVKRZV WKHFRQFHSWRI WKHYHUWLFDOIRUHVWFDQRS\VWUDWLILFDWLRQIRUWKH
[PJULG 

)LJXUH([DPSOHIRUWKHJULGEDVHGYHUWLFDOVWUDWLILFDWLRQRIIRUHVWFDQRS\VWUXFWXUHFHOOVL]H[P
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)RU WKH  [  P JULG ZH DSSOLHG WKH FODVVLF LQGH[ E\ &ODUN DQG (YDQV  IRU WKH
VWDWLVWLFDOGHWHUPLQDWLRQRIGLVWULEXWLRQSDWWHUQVEDVHGRQWKHLQGLYLGXDOWUHHVH[WUDFWLRQUDQGRP
XQLIRUPDQGFOXPSHGDVZHOODVGHWHUPLQHGVWDQGOHYHOSDUDPHWHUVVXFKDVVWDQGGHQVLW\DQG
VWDQG KHLJKW7KH UHVXOWLQJ JULGZLWK WKHPXOWLGLPHQVLRQDO IHDWXUH VSDFHZDV WKHQ FODVVLILHG
LQWRDSUHGHILQHGDPRXQWRIXQLTXH&67VUHSUHVHQWLQJVWUXFWXUDOKRPRJHQHRXVIRUHVWDUHDV 
7RHYDOXDWHWKHDSSOLFDELOLW\RIWKHGHULYHG&67VIRUWKHHVWLPDWLRQRIELRSK\VLFDOYDULDEOHVZH
HQKDQFHG WKHPHWKRGRI0RUVGRUIet al.  WRFDOFXODWH WKH3$, WKH IUDFWLRQRI DEVRUEHG
SKRWRV\QWKHWLFDOO\ DFWLYH UDGLDWLRQ I$3$5 DQG WKH FDQRS\ FRYHU XWLOL]LQJ WKH DPRXQW RI
YHUWLFDOOD\HUVWKHIROLDJHGLVWULEXWLRQDQGWKHWUHHW\SHRIWKHVSHFLILF&67V)RUWKHYDOLGDWLRQ
RI WKH HVWLPDWHG SDUDPHWHUV ERWK SRLQW PHDVXUHPHQWV ZLWK '+3V DQG SORWZLVH 7/6
PHDVXUHPHQWVZHUHFDUULHGRXWUHVXOWLQJLQJULGEDVHG3$,FDQRS\FRYHUDQGI$3$5OD\HUV

3. Results and discussion 
 
7KHUHFRQVWUXFWLRQDSSURDFKRQWUHHOHYHOUHVXOWVLQDFRPSOHWH'UHSUHVHQWDWLRQRIWKHIRUHVW
DUHDDQGWKH&67FODVVLILFDWLRQ)LJXUHVKRZVDYLVXDOL]DWLRQRIWKH'VFHQHDQGWKHUHVXOWRI
WKH&67FODVVLILFDWLRQIRUWKH[PJULG 
 
)LJXUH9LVXDOL]DWLRQRIWKHUHFRQVWUXFWHGWKUHHGLPHQVLRQDOIRUHVWVFHQHDQGWKH[P&67PDS

,Q WKH ' UHSUHVHQWDWLRQ WKH FRPSOH[ DOSKD VKDSHV RI WKH FDQRSLHV DUH VLPSOLILHG XVLQJ
JHRPHWULFDOSULPLWLYHVGHSHQGLQJRQWKHWUHHVSHFLHVHOOLSVRLGVIRUGHFLGXRXVSDUDERORLGVIRU
FRQLIHURXVZKHUHDVWKHVWHPVDUHUHSUHVHQWHGE\XQLIRUPF\OLQGHUVDQGSODFHGDWWKHVSHFLILF
ORFDO PD[LPXP SRVLWLRQ ,Q WKH PDS RI WKH &67V HDFK FRORU LV UHSUHVHQWDWLYH IRU D XQLTXH
FRPELQDWLRQRIWKHGHULYHGFDQRS\VWUXFWXUHYDULDEOHV
7KHYDOLGDWLRQRIWKH WUHHVWHPSRVLWLRQZDVEDVHGRQ7/6PHDVXUHPHQWVIRU WZR[P
SORWVDQGOHDIRIIRQRUWKRLPDJHVRXWVLGHWKHVHDUHDV7KHFRPPLVVLRQDQGRPLVVLRQHUURUVIRU
WKHGHOLQHDWLRQLVDQGUHVSHFWLYHO\ZKHUHE\WKHRPLVVLRQHUURUVKDYHPDLQO\EHHQ
FDXVHG E\ WKH ODUJH DPRXQW RI FOXVWHUHG DQG PXOWLVWHPPHG WUHHV GXH WR IRUPHU FRSSLFLQJ
DFWLYLWLHV9DQ&DOVWHUet al.7KHFRQQHFWHGFDQRSLHVRIWKHVHFOXVWHUVDUHHYHQZLWKILHOG
PHDVXUHPHQWVQHDUO\LQVHSDUDEOHDQGVKRZDVLPLODUVKDSHDV WKHFURZQRIDQLQGLYLGXDOWUHH
$VWKHDSSOLHGWUHHGHOLQHDWLRQPHWKRGLVEDVHGRQWKHDVVXPSWLRQWKDWHDFKFURZQUHSUHVHQWV
DQ LQGLYLGXDO WUHH VWHPZH XQGHUHVWLPDWH WKH DPRXQW RI WUHHV VWHPV SDUWLFXODUO\ LQ WKH ROG
EHHFKVWDQGV7KXVWKHHVWLPDWLRQRIWKHUHODWHGELRPDVVDQGVWHPYROXPHLQIRUPDWLRQDVZHOO
DV WKH GHWHUPLQDWLRQ RI WKH VWDQG GHQVLW\ DUH OLNHO\ WR EH OHVV DFFXUDWH DQGZHUH QRW IXUWKHU
LQYHVWLJDWHG LQ WKHFRQWH[WRI WKLVVWXG\7KHGLVWULEXWLRQSDWWHUQVRI WKH LQGLYLGXDO WUHHVZHUH
FRPSDUHGZLWKWKHUHIHUHQFHGDWDEDVHGRQDJULGUHSUHVHQWDWLRQRIWKHWKUHHFODVVHV³UDQGRP´
³XQLIRUP´DQG³FOXPSHG´UHVXOWLQJLQDPHDQURI+RZHYHUWKLVUHVXOWLVVXEMHFWWRWKH
VDPHOLPLWDWLRQVDVWKHGHWHFWLRQRIWKHLQGLYLGXDOWUHHV
7KHFURVVFRPSDULVRQRIWKHFURZQGLPHQVLRQVZLWKWKH7/6PHDVXUHPHQWVRUWKRLPDJHVDQG
IRUHVW LQYHQWRU\ GDWD VKRZV D KLJK FRQVLVWHQF\ LQ WKH KRUL]RQWDO GLPHQVLRQ ZKHUHDV D
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TXDQWLWDWLYH YDOLGDWLRQ RI WKH KRUL]RQWDO FURZQ GLPHQVLRQV DQG WKH FURZQ YROXPH FURZQ
VXUIDFHLVGLIILFXOWDQGLQYROYHVDKLJKOHYHORIXQFHUWDLQW\FIWUHHGHWHFWLRQ7KHUHVXOWVRIWKH
H[WUDFWLRQRIWKHYHUWLFDOH[WHQWLVVKRZQLQ7DEOHIRUWKHLQGLYLGXDOWUHHOHYHODQGWKHFDQRS\
OHYHO EDVHG RQ WKH VSHFLILF &67V ZLWK VOLJKWO\ EHWWHU UHVXOWV IRU WKH &67 EDVHG GLPHQVLRQ
YDULDEOHV7KH RFFXUUHQFH RI XQGHUVWRU\ZDV GHWHFWHGZLWK DQ DFFXUDF\ RI ZLWK DPHDQ
HUURULQWKHYHUWLFDOH[WHQWRIP 

7DEOH$FFXUDF\DVVHVVPHQWIRUWKHH[WUDFWLRQRIYHUWLFDOFURZQFDQRS\GLPHQVLRQYDULDEOHV

mean error of individual tree level  canopy level  
FURZQKHLJKWPHDQFDQRS\KHLJKW>P@  
OHQJWKRIOLYHFURZQPHDQOHQJWKRIOLYHFDQRS\>P@  
KHLJKWWRFURZQEDVHPHDQKHLJKWWRFDQRS\EDVH>P@  

7KHFODVVLILFDWLRQLQFRQLIHURXVDQGGHFLGXRXVWUHHVZDVFRPSDUHGWRWKHIRUHVWLQYHQWRU\GDWD
DQG WKH RUWKRLPDJHV XWLOL]LQJ WKH FRPPRQ VWDWLVWLFV PHWULFV RYHUDOO DFFXUDF\ 2$ XVHUV
DFFXUDF\8$SURGXFHUVDFFXUDF\3$DQGWKHNDSSDFRHIILFLHQW/LXet al.7DEOH,Q
FRPSDULVRQ WR H[LVWLQJ VWXGLHV IRU VSHFLHV GLVWLQFWLRQ HJ E\.LPet al. ZH DFKLHYHG
VLPLODU DFFXUDFLHVXVLQJRQO\ WKH OHDIRQOHDIRIISRLQW GLVWULEXWLRQYDULHWLHV$FFRUGLQJO\ WKH
VSHFLHVGLVWULEXWLRQGHULYHGIURPWKH&67VGLIIHUVWRWRWKHUHIHUHQFHGDWD7KHPDMRU
VRXUFHVRIXQFHUWDLQW\LQWKHWHVWDUHDDUHWKHPLVFODVVLILFDWLRQRILarix decidua (Mill.)DQGDUHDV
ZLWKVWUXFWXUHFKDQJHVLQWKHFDQRS\FDXVHGE\ZLQGDQGVQRZLQGXFHGGDPDJHV 

7DEOH&RQIXVLRQPDWUL[RIWKHGLVWLQFWLRQEHWZHHQFRQLIHURXVDQGGHFLGXRXVWUHHV

 coniferous $/6GHULYHG deciduous (ALS derived) PA [%] 
coniferous UHIHUHQFH   
deciduous UHIHUHQFH   
UA [%]    
OA [%] / Kappa coefficient 

7KH&67 GHULYHG ELRSK\VLFDO YDULDEOHV VKRZ KLJK FRUUHODWLRQV WR WKH UHIHUHQFH GDWD GHULYHG
IURP WKH '+3V 3$, U    I$3$5 U    FDQRS\ FRYHU U    +RZHYHU WKH
VWDWLVWLFDOEDVHIRUWKHELRSK\VLFDOYDULDEOHVRIRQO\UHIHUHQFHPHDVXUHPHQWVLVLQVXIILFLHQW
IRU D UHSUHVHQWDWLYH DQG TXDQWLWDWLYH YDOLGDWLRQ 7KHUHIRUH ZH QHHG WR H[WHQG WKH JURXQG
PHDVXUHPHQWV WRD ODUJHU DUHDZLWKLQ WKH IXWXUHZRUN1HYHUWKHOHVV WKH UHVXOWV DUHSURPLVLQJ
FRQVLGHULQJ WKH UREXVWSK\VLFDOEDVHGDSSURDFKRI WKH&67V7KHGHULYHG IROLDJHGLVWULEXWLRQ
LQIRUPDWLRQFRXOGQRWEHYDOLGDWHG\HWGLUHFWO\)RUWKLVSXUSRVHDGHQVHYHUWLFDOVDPSOLQJRIWKH
IXOOFDQRS\HJOHDIDUHDGHQVLW\LVQHFHVVDU\ZKLFKZLOOEHFDUULHGRXWLQIXWXUHVWXGLHV

4. Conclusion 

,QWKLVVWXG\ZHGHYHORSHGDUREXVWDQGWUDQVIHUDEOHPHWKRGIRUDSK\VLFDOO\EDVHGH[WUDFWLRQ
RIFDQRS\VWUXFWXUHYDULDEOHVRQWKHLQGLYLGXDOWUHHOHYHODVZHOODVRQWKHJULGEDVHGOHYHORIWKH
&67V 7KH YDOLGDWLRQHYDOXDWLRQ VKRZV WKDW WKH GHWHUPLQDWLRQ RI VWUXFWXUH YDULDEOHV RQ WKH
LQGLYLGXDO WUHH OHYHO FDQ RQO\ EH FDUULHG RXW ZLWK OLPLWDWLRQV GXH WR WKH VSHFLILF VWDQG
FKDUDFWHULVWLFVIRUPHUFRSSLFHPDQDJHPHQW3DUWLFXODUO\WKHKRUL]RQWDOFURZQGLPHQVLRQVDQG
WKHDPRXQWRIVWHPVFDQQRWEHH[WUDFWHGZLWKVXIILFLHQWDFFXUDF\7KHYHUWLFDOGLPHQVLRQVFRXOG
EHGHWHUPLQHGZLWKDJRRGUHOLDELOLW\ZKHUHE\DGLUHFWFRPSDULVRQRIWKHVHUHVXOWVWRH[LVWLQJ
VWXGLHVLVSUREOHPDWLFGXHWRWKHGLIIHUHQWIRUHVWVWUXFWXUHFKDUDFWHULVWLFV 
7KHGHWHFWLRQRI WKHRFFXUUHQFHDQG WKHKHLJKWRIXQGHUVWRU\DVZHOODVWKHFODVVLILFDWLRQ LQWR
GHFLGXRXVDQGFRQLIHURXV WUHHVZHUHSHUIRUPHGZLWKKLJKDFFXUDFLHV)RU WKHVH LQYHVWLJDWLRQV
WKH DYDLODELOLW\ RI WKH OHDIRQOHDIRII GDWD ZLWK D KLJK SRLQW GHQVLW\ ZDV VLJQLILFDQW 7KH
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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GHWHUPLQDWLRQRIELRSK\VLFDOSDUDPHWHUVZDVSRVVLEOH WRD FHUWDLQ H[WHQWEXW IRU D VXIILFLHQW
YDOLGDWLRQDQH[WHQVLRQRIWKHUHIHUHQFHGDWDLVQHFHVVDU\ 
:H FRQFOXGH WKDW WKH GLUHFW SK\VLFDOO\EDVHG H[WUDFWLRQ RI IRUHVW VWUXFWXUH YDULDEOHV DW WKH
LQGLYLGXDO WUHH OHYHO KDV VRPH OLPLWDWLRQV SDUWLFXODUO\ IRU WKH GHULYDWLRQ RI WKH WUHH VWHP
ORFDWLRQVDQGWKHKRUL]RQWDOFURZQGLPHQVLRQV7KHSUHVHQWHGDSSURDFKEDVHGRQ&67VSURYLGHV
UREXVWDQGWUDQVIHUDEOH LQIRUPDWLRQRQWKHYHUWLFDOFDQRS\GLPHQVLRQVHJDPRXQWRIFDQRS\
OD\HUVPHDQ FDQRS\ KHLJKWPHDQ KHLJKW WR FDQRS\ EDVH OHQJWK RI OLYH FDQRS\ XQGHUVWRU\
FKDUDFWHULVWLFVDQGVSHFLHVGLVWULEXWLRQ+RZHYHUWKHGHULYDWLRQRIIRUHVWVWUXFWXUHYDULDEOHVDW
WKH WUHH OHYHO LV VXEMHFW WR ODUJHU HUURUV GXH WR RPLVVLRQ DQG FRPPLVVLRQ DV HJ IRU VWDQG
GHQVLW\ 6WLOO WKH LQIRUPDWLRQ FRQWDLQHG LQ WKH &67V FDQ HDVLO\ EH DSSOLHG WR LPSURYH WKH
LQGLUHFW HPSLULFDO GHULYDWLRQ RI IRUHVW VWUXFWXUH YDULDEOHV GHSHQGLQJ RQ DGGLWLRQDO DYDLODEOH
LQVLWXGDWDDQGWKHIRUHVWU\H[SHUWLVHRIXVHUV
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3DSHU1XPEHU
Abstract
5HFRQVWUXFWLRQ RI D WUHH¶V WRSRORJLFDO DQG JHRPHWULFDO VWUXFWXUH IURP WHUUHVWULDO ODVHU VFDQQHU
SRLQW FORXGV LV D IXQGDPHQWDO VWHS LQ RUGHU WR JDLQ LQVLJKW LQWR SODQW SURFHVVHV OLNH ZDWHU
LQWHUFHSWLRQRU OLJKWDEVRUSWLRQ:HSURSRVHWRXWLOL]HSULQFLSDOFXUYHVDVDQRYHODSSURDFK WR
UHWULHYHVNHOHWDOVWUXFWXUHVIURP7/6GDWDVHWV$SULQFLSDOFXUYHLVDSRO\JRQDOOLQHWKDWWUDFHV
WKHVKDSHRID'SRLQWFORXGE\PLQLPL]LQJWKHH[SHFWHGVTXDUHGGLVWDQFHWRWKHJLYHQGDWDVHW
([SHULPHQWVDUHFRQGXFWHGWRDVVHVVWKHIHDVLELOLW\DQGEHQHILWRIDSSO\LQJSULQFLSDOFXUYHVWR
VLQJOHWUHHGDWDVHWV$SUHYLRXVVHJPHQWDWLRQRIHDFKWUHHLQWRLWVSK\WRHOHPHQWVLVQHFHVVDU\
DQGKDVEHHQSHUIRUPHGPDQXDOO\IRUVLPSOLFLW\+RZHYHU LQVWHDGRILQWURGXFLQJDQDUELWUDU\
QHLJKERUKRRG VWUXFWXUH OLNH D YR[HO JULG RU JUDSK ZH SURSRVH WR H[SORLW WKH LPSOLFLW
QHLJKERUKRRG VWUXFWXUH SURYLGHG E\ HDFK VLQJOH 7/6 VFDQ WR IDFLOLWDWH GDWD SURFHVVLQJ 2XU
UHVXOWV VKRZ WKDW SULQFLSDO FXUYHV DUH DQ H[FHOOHQW WRRO IRU WKH UHWULHYDO RI VNHOHWDO VWUXFWXUHV
IURPSRLQWFORXGVDQGDIXOO\DXWRPDWLFSUHSURFHVVLQJVKRXOGEHDLPHGDWLQWKHIXWXUH 
1. Introduction 
7HUUHVWULDOODVHUVFDQQHUV7/6KDYHSURYHQWREHLQYDOXDEOHIRUFDSWXULQJSODQWJHRPHWU\GDWD
DV'SRLQWFORXGLQDYHU\HIILFLHQWDQGSUHFLVHZD\+RZHYHUWKHGLYHUVLW\LQWUHHYHJHWDWLRQ
JHRPHWU\DQGDSSHDUDQFHPDNHVLWGLIILFXOWWRGHULYHJHQHUDOFRQVWUDLQWVIRUWUHHUHFRQVWUXFWLRQ
)XUWKHUFRPSOLFDWLQJIDFWRUVDUHWHFKQLTXHUHODWHGHIIHFWVGXULQJVFDQQLQJOLNHGDWDJDSVFDXVHG
E\RFFOXVLRQVHVSHFLDOO\VHOIRFFOXVLRQVRIEUDQFKHVLQWKHWUHHFURZQDQGDUWLIDFWVGXHWRZLQG
PRYHPHQWV 0RUHRYHU WKH QXPEHU RI PHDVXUHG ' SRLQWV KDV D VLJQLILFDQW LPSDFW RQ WKH
SURFHVVLQJ SHUIRUPDQFH DQG WKH TXDOLW\ RI UHVXOWV ,Q HVVHQFH SURFHVVLQJ VFDQQHG ' SRLQW
FORXGVZLWKWKHREMHFWLYHWRUHWULHYHDVNHOHWDOUHSUHVHQWDWLRQRIDWUHH¶VVSDWLDOVWUXFWXUHLVVWLOOD
UDWKHUFKDOOHQJLQJWDVN
$FRPPRQDSSURDFKWRGHDOZLWKXQRUJDQL]HG'SRLQWVHWVLVWKHXWLOL]DWLRQRIDYR[HOVSDFH
UHSUHVHQWDWLRQ RI WKH GDWD *RUWH DQG 3IHLIHU *RUWH DQG:LQWHUKDOGHU  HPSOR\HG
FRQQHFWHGFRPSRQHQWODEHOLQJDQGPDWKHPDWLFDOPRUSKRORJ\WRFDUYHRXWWKHVNHOHWRQRIDWUHH
IURP D YR[HO VSDFH UHSUHVHQWDWLRQ ,Q *RUWH  WKH SURFHGXUH ZDV LPSURYHG IXUWKHU E\
LQFRUSRUDWLQJ 'LMNVWUD¶V VKRUWHVW SDWK DOJRULWKP 'LMNVWUD  $ VLPLODU PHWKRG ZDV
SUHVHQWHG LQ *DW]LROLV et al.  $ JUDSKUHGXFWLRQ DSSURDFK IRU VNHOHWRQ H[WUDFWLRQ ZDV
LQWURGXFHGLQ%XFNVFKPDSSLQJWKHSRLQWFORXGRQWRDQRFWUHHVWUXFWXUHZKLFKLVWKHQ
VXEMHFWHG WRD VHWRI IL[HGUXOHV+RZHYHU WKHSURFHGXUH WHQGV WRFDXVH ORRSV LQ WKH VNHOHWRQ
GXULQJ JUDSK SURFHVVLQJ DQG LV FRPSXWDWLRQDOO\ H[SHQVLYH 5HFHQWO\ 6FKLOOLQJ et al. 
SUHVHQWHGDPHWKRGWRUHWULHYHDVSDWLDO WUHHUHSUHVHQWDWLRQXWLOL]LQJ'HSWK)LUVW6HDUFKRQWKH
YR[HO UHSUHVHQWDWLRQ RI VLQJOH WUHH SRLQW FORXGV ,Q JHQHUDO YR[HO VSDFH DSSURDFKHV KDYH WKH
DGYDQWDJHRISURYLGLQJDIL[HGQHLJKERUKRRGVWUXFWXUHWKDWWKHUDZ'SRLQWFORXGLQPRVWFDVHV
ODFNV 1HYHUWKHOHVV PHWKRGV EDVHG RQ YR[HO JULGV DUH XVXDOO\ KDUG WR KDQGOH UHJDUGLQJ WKH
VWHHULQJSDUDPHWHUVDQGSURFHVVLQJUXOHVDQGDUHFRPSXWDWLRQDOO\GHPDQGLQJ
,QFRQWUDVWWKHUDZ'SRLQWVHWZDVXVHGLQ/LYQ\et al.WRFUHDWHDZHLJKWHGJUDSKIURP
ZKLFK VNHOHWDO VWUXFWXUHV ZHUH UHWULHYHG E\ 'LMNVWUD¶V DOJRULWKP $ VLPLODU DSSURDFK ZDV
SUHVHQWHG LQ &{Wpet al. ZKHUH LQWHQVLW\ LQIRUPDWLRQZDV DOVR WDNHQ LQWR DFFRXQW DQG
6LOYL/DVHU6HSW±9DQFRXYHU&DQDGD
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;Xet al.,Q3UHXNVDNDUQet al.WKHWUHHVNHOHWRQZDVUHWULHYHGE\DSSOLFDWLRQRID
SRLQWVHWFRQWUDFWLRQDOJRULWKP*LDQQLWUDSDQLDQG0XULQR$SUREDELOLVWLFDSSURDFKXVLQJ
JHQHUDONQRZOHGJHWRJXLGHDWUHHVNHOHWRQUHFRQVWUXFWLRQSURFHVVZLWKLWHUDWLYHF\OLQGHUILWWLQJ
ZDVLQWURGXFHGLQ%LQQH\DQG6XNKDWPH,Q<DQet al.DQDGMDFHQF\JUDSKZDV
EXLOW EHWZHHQ SRLQW FOXVWHUV SUHYLRXVO\ HVWDEOLVKHG E\ UHSHWLWLYH NPHDQV DQG ILWWLQJ RI
PLQLPXPERXQGDU\F\OLQGHUV)XUWKHUPRUHDPHWKRGVHJPHQWLQJWKHUDQJHLPDJHRIWKHSRLQW
FORXG EDVHG RQ ORFDO FXUYDWXUH HVWLPDWHV LV GHWDLOHG LQ 'DL et al.  6XEVHTXHQWO\ WKH
VNHOHWRQLVUHFRYHUHGIURPELQVRIFOXVWHUVUHVXOWLQJIURPDSUHYLRXVUHJLRQJURZLQJSURFHGXUH
$VLPLODUDSSURDFKXWLOL]LQJSULQFLSDOFXUYDWXUHLVSUHVHQWHGLQ&KHQJet al.6LQFHSRLQW
FORXGV DFTXLUHG E\ SRZHUIXO 7/6 VXFK DV WKH =) ,PDJHU L DUH UDWKHU ODUJH LQ VL]H
FRPSXWDWLRQRIDQHDUHVWQHLJKERUJUDSKDQGDSSOLFDWLRQRIJUDSKDOJRULWKPVEHFRPHVLQIHDVLEOH
)XUWKHUPRUHWKHSUREOHPRIRFFOXVLRQVDUWLIDFWVDQGODUJHUGDWDJDSVVWLOOUHPDLQV 
,QWKLVSDSHUZHSURSRVHDQRYHODSSURDFKWRUHWULHYHVNHOHWDOUHSUHVHQWDWLRQVRIWUHHVIURP'
SRLQWFORXGVRQWKHEDVLVRISULQFLSDOFXUYHV$SULQFLSDOFXUYHLVDSRO\JRQDOOLQHWKDWSURYLGHV
DFRPSDFWVXPPDU\RIWKHSRLQWGLVWULEXWLRQRIWKH'GDWDDQGFDQEHFRPSXWHGDXWRPDWLFDOO\
)RUWKLVUHDVRQSULQFLSDOFXUYHVDUHDQREYLRXVFKRLFHWRWUDFHSRLQWVXEVHWVUHSUHVHQWLQJWUHH
EUDQFKHVEXWWRRXUNQRZOHGJHWKH\KDYHQRWEHHQDSSOLHGWR7/6GDWDEHIRUH&RQVHTXHQWO\
ZHSUHVHQWH[SHULPHQWVWKDWKDYHEHHQFRQGXFWHGLQRUGHU WRDVVHVVWKH IHDVLELOLW\RIXWLOL]LQJ
SULQFLSDOFXUYHVRQ7/6GDWD
7KH SDSHU LV RUJDQL]HG DV IROORZV )LUVW SULQFLSDO FXUYHV DQG WKHLU FRPSXWDWLRQ VFKHPH LV
LQWURGXFHG 6HFRQG WKH VWXG\ VLWH DQG GDWD SUHSURFHVVLQJ DUH GHWDLOHG 6XEVHTXHQWO\ D
GLVFXVVLRQRIWKHUHVXOWVLVSUHVHQWHG7KHSDSHUFORVHVZLWKDVXPPDU\RIWKHFRQGXFWHGZRUN
LQWKHFRQFOXVLRQ
2. Principal Curves 
$'SRLQWVHWPHDVXUHGE\DWHUUHVWULDOODVHUVFDQQHULVDQRLV\SRLQWVDPSOLQJRIWKHJHRPHWU\
RIDUHDOZRUOGREMHFW,ILQIRUPDWLRQRQWKHREMHFW¶VJHRPHWU\LVDYDLODEOHLWVUHFRYHU\IURPWKH
'SRLQWVHWEHFRPHVIHDVLEOH,QFDVHRID'SRLQWVHWUHSUHVHQWLQJDF\OLQGULFDOREMHFWILWWLQJ
D'FHQWHUOLQHE\PHDQVRISULQFLSDOFRPSRQHQWDQDO\VLVHJ-ROOLIIHLVDWULYLDOWDVN
+RZHYHULIWKHREMHFWUHVHPEOHVDWXEHDVLVFRPPRQO\REVHUYHGDWWUHHEUDQFKHVUHFRYHULQJ
WKHXQGHUO\LQJ VSDFHFXUYH IURP WKH'SRLQW VHW LV IDUPRUHGLIILFXOW ,I DPRGHO IRU WKH'
FXUYHFDQQRWEHGHWHUPLQHG LQDGYDQFHPHWKRGVEDVHGRQ5DQVDF)LVFKOHUDQG%ROOHV
FDQQRW EH DSSOLHG EHFDXVH WKH\ UHTXLUH D NQRZQ FXUYHPRGHO WR DVVHVV WKH HUURU RI WKH GDWD
SRLQWVGXULQJFRPSXWDWLRQ 
,QRUGHUWRUHFRYHUWKHXQGHUO\LQJ'FXUYHIURPD'SRLQWVHWUHSUHVHQWLQJDWUHHEUDQFKRU
WUXQN ZH SURSRVH WKH DSSOLFDWLRQ RI SULQFLSDO FXUYHV DV GHILQHG LQ .pJO et al.  $
SULQFLSDOFXUYHLVDSRO\JRQDOOLQHWKDWWUDFHVWKHVKDSHRID'SRLQWFORXGE\PLQLPL]LQJWKH
H[SHFWHGVTXDUHGGLVWDQFHWRWKHJLYHQGDWDVHW,QFDVHRID'SRLQWVHWRIDEUDQFKLWSDVVHV
DORQJWKHFHQWHURIWKHEUDQFK$VGHWDLOHGLQ.pJO.pJOet al.WKHSULQFLSDOFXUYH
FDQ EH UHWULHYHG DXWRPDWLFDOO\ IURP WKH ' SRLQW VHW 𝑃 ZLWK𝑛 GHQRWLQJWKHQXPEHURIGDWD
SRLQWV7KH ILUVW SULQFLSDO FRPSRQHQW RI D VXEVHW RI 𝑃 LVXWLOL]HG DV DQ LQLWLDO OLQH HVWLPDWH
6XFFHVVLYHO\ WKH DOJRULWKP DOWHUQDWHV LQ DQ LQQHU ORRS EHWZHHQ D UHSDUWLWLRQLQJ RI WKH GDWD
SRLQWV DFFRUGLQJ WR WKHLU SURMHFWLRQV RQWR WKH FXUYH DQG DQ RSWLPL]DWLRQ FRPSXWDWLRQ RI WKH
FXUYHYHUWLFHV$IWHUFRPSOHWLQJWKHLQQHUORRSDQHZYHUWH[LVDGGHGWRWKHFXUYHDQGWKHLQQHU
ORRS LV UHSHDWHG7KH FRPSXWDWLRQ WHUPLQDWHVZKHQ D FULWHULRQ 𝑐(𝑛, ∆𝑓௞,௡) LV IXOILOOHGZKLFK
LQFRUSRUDWHVWKHQXPEHURIFXUYHVHJPHQWV 𝑘 DQGDQHUURUPHDVXUH ∆𝑓௞,௡ DVVHVVLQJWKHFXUYH
QRGHSRVLWLRQVLQUHODWLRQWRWKHLUFRUUHVSRQGLQJSRLQWVXEVHWV7KHUHVXOWLQJSRO\JRQDOOLQH 𝑓௞,௡
SURYLGHV D FRPSDFW GHVFULSWLRQ RI WKH VSDWLDO GLVWULEXWLRQ RI WKH 'SRLQW VHW𝑃$OJRULWKP
SURYLGHVDQRXWOLQHRIWKHFRPSXWDWLRQVFKHPH
6LOYL/DVHU6HSW±9DQFRXYHU&DQDGD
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
$OJRULWKP3ULQFLSDOFXUYHVFRPSXWDWLRQVFKHPHEDVHGRQ.pJOet al. 𝛿 GHQRWHVDSUHGHILQHG
WKUHVKROGRIUHODWLYHFKDQJH 
3. Methods 
3.1 Study Site and Data Processing 
7KHVWXG\VLWHFRPSULVHVDSODLQELUFKVWDQG%HWXODSHQGXODRQDQDUHDRIFDKDPî
PQHDU:LOPVGRUI*HUPDQ\7KHELUFKVWDQGKDVEHHQVFDQQHGLQOHDIOHVVFRQGLWLRQXVLQJ
WKH 7/6 =) ,PDJHU L ZLWK D ILHOG RI YLHZ RI  LQ KRUL]RQWDO   LQ YHUWLFDO
GLUHFWLRQDQGDQDQJXODUUHVROXWLRQRIIRU7/6VSHFLILFDWLRQVVHH=ROOHU)U|KOLFK
)RUHDFKLQGHSHQGHQWVFDQWKHGDWDLVSURYLGHGVLPLODUWRDUDQJHLPDJH%XWKHUHHDFKSL[HORI
WKH LPDJH PDWUL[ UHSUHVHQWV D GDWD WXSOH 𝑡 LQ WKH IRUP 𝑡 = (𝑝௑, 𝑝௒, 𝑝௓, 𝑑, 𝑖)RIIHULQJWKH'
FRRUGLQDWHV (𝑝௑, 𝑝௒, 𝑝௓) ∈ ℝଷ  DV ZHOO DV WKH LQWHQVLW\ YDOXH 𝑖 ∈ [0. .1]  LQ DGGLWLRQ WR HDFK
PHDVXUHG UDQJH 𝑑 ∈ ℝା,IWKHPHDVXUHPHQWKDVIDLOHGDWDSDUWLFXODUSL[HOWKHQDQHPSW\WXSOH
𝑡௘ =    (0,0,0,0,0) KDVEHHQVWRUHG$UUDQJLQJDOORIRQHVFDQ¶VGDWDLQWKHVDPHIDVKLRQDVLWVUDQJH
LPDJHPDNHVHDFKPHDVXUHGSRLQWUHDGLO\DFFHVVLEOHE\LWV'FRRUGLQDWHVLQWKHLPDJHPDWUL[
+HQFHLQWURGXFLQJDQDUELWUDU\QHLJKERUKRRGVWUXFWXUHOLNHDYR[HOJULGRUJUDSKLVQRWUHTXLUHG
6LOYL/DVHU6HSW±9DQFRXYHU&DQDGD
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7KH SDUWLFXODU VFDQ LWVHOI SURYLGHV DQ LPSOLFLW QHLJKERUKRRG VWUXFWXUH ZKLFK FDQ EH GLUHFWO\
H[SORLWHGDQGIDFLOLWDWHVJHQHUDOGDWDSURFHVVLQJDVLPDJHSURFHVVLQJPHWKRGVFDQEHDSSOLHGWR
WKH'GDWDDVZHOO$QRWKHUDGYDQWDJHLVWKHSRVVLELOLW\WRYLVXDOL]HDOOGDWDDVSHFWVRIWKHVFDQ
ZLWKLQWKHLPDJHPDWUL[ZKLFKSURYLGHVDEHWWHUDQGLQWXLWLYHLQVLJKWLQWRWKHGDWDVHW 
)URPWKHREWDLQHGVFDQVDVHWRIWUHHVKDVEHHQVHOHFWHGLQ7.25  𝑚 WR20.57  𝑚 GLVWDQFHIURP
WKHVFDQQHUSRVLWLRQDQGH[SRUWHGDVIROORZV$OOSL[HOVRIWKHRULJLQDOLPDJHPDWUL[DUHFKHFNHG
DQGWKRVHZKLFKKROG'FRRUGLQDWHVWKDWDUHIXUWKHUDZD\IURPWKHSUHGHILQHGWUHHSRVLWLRQLQ
WKH;<SODQHWKDQ3  𝑚DUHUHSODFHGE\HPSW\WXSOHV6XEVHTXHQWO\WKHLPDJHPDWUL[LVFOLSSHG
WRWKHVL]HRIWKH'ERXQGLQJER[RIWKHUHPDLQLQJQRQHPSW\WXSOHV)RUHDFKWUHHWKHUHVXOWLV
DFXWRXWRIWKHRULJLQDOLPDJHPDWUL[RIWKHVLQJOHYLHZVFDQDVVKRZQLQILJXUHD
6LQFHWKHUHVXOWRIWKHSULQFLSOHFXUYHFRPSXWDWLRQLVDVLQJOHSRO\JRQDOOLQHHDFKWUHHKDVWREH
VHJPHQWHG LQWR GLVMRLQW SRLQW VHWV GHQRWLQJ EUDQFKHV DQG WKH WUXQN 7KH UHVXOW RI WKLV
SUHSURFHVVLQJ VWHS LV D QHZ LPDJH PDWUL[ ZKHUH HDFK WXSOH ?̂? = (𝑝௑, 𝑝௒, 𝑝௓, 𝑑, 𝑖, 𝑙) KDV DQ
DGGLWLRQDO HOHPHQW 𝑙   ∈   ℕା GHQRWLQJ WKH SRLQW VXEVHW LW EHORQJV WR ,I WKH SL[HO FRQWDLQV DQ
HPSW\WXSOHWKHODEHO 𝑙 = 0 LVDVVLJQHGZKLFKGHQRWHVbackground
 
D E
)LJXUHD5DQJHLPDJHFURSSHGWRERXQGLQJER[E0DQXDOO\HQKDQFHGODEHOLPDJHHDFKFRORU
GHQRWHVDFRQQHFWHGFRPSRQHQWGHWHUPLQHGE\FRQQHFWHGFRPSRQHQWODEHOLQJRQWKHUDQJHLPDJH
,Q RUGHU WR DVVHVV WKH EHQHILW RI XWLOL]LQJ SULQFLSOH FXUYHV RQ 7/6 GDWD VHJPHQWDWLRQ RI
SK\WRHOHPHQWVKDVEHHQSHUIRUPHGPDQXDOO\RQWKHEDVLVRIDSUHYLRXVFRQQHFWHGFRPSRQHQW
ODEHOLQJ VWHS )RU HDFK RI WKH REWDLQHG VLQJOH WUHH LPDJHV WKH FRQQHFWHG FRPSRQHQW ODEHOLQJ
DOJRULWKPDVGHWDLOHGLQ6KDSLURDQG6WRFNPDQQKDVEHHQDSSOLHGWRWKHUDQJHYDOXHVRI
WKH GDWD WXSOHV 7ZR QHLJKERULQJ SL[HOV DUH GHILQHG WR EH close LQ ' VSDFH DQG WKHUHIRUH
FRQQHFWHGSL[HOV LI WKHDEVROXWHGLIIHUHQFHRI WKHLU UDQJHYDOXHVGRHVQRWH[FHHGDSUHGHILQHG
WKUHVKROG 𝜀 )RU WKH H[SHULPHQWV D WKUHVKROG RI 𝜀 = 0.05  𝑚 KDV EHHQ DSSOLHG &RPSRQHQWV
UHSUHVHQWLQJ D IUDJPHQW RI PRUH WKDQ RQH EUDQFK GXH WR D MXQFWLRQ DUH VSOLW PDQXDOO\ LQWR
VHSDUDWHFRPSRQHQWVDQGDXQLTXHODEHO 𝑙 LVDVVLJQHGWRHDFKRIWKHP)XUWKHUPRUHWKHVDPH
ODEHOLVDVVLJQHGWRGLVMRLQWFRPSRQHQWV LI WKH\DUHUHSUHVHQWLQJWKHVDPHEUDQFKDFFRUGLQJWR
6LOYL/DVHU6HSW±9DQFRXYHU&DQDGD
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YLVXDO LQVSHFWLRQ9HU\ VPDOO FRPSRQHQWVZKLFK FRXOG QRW EH DVVLJQHG WR D VSHFLILF EUDQFK
KDYHEHHQHOLPLQDWHG,QWKDWZD\DXQLTXHODEHOLVGHWHUPLQHGIRUHDFKVHSDUDWHSK\WRHOHPHQW
DQG SURSDJDWHG WR WKH WXSOHV RI WKH SL[HOV FRQVWLWXWLQJ WKH DIIHFWHG FRPSRQHQWV DV LV
GHPRQVWUDWHGLQILJXUHE
3.2 Experiment Setup 
7KH VHOHFWHG WUHH GDWD VHWV KDYH EHHQ SUHSDUHG DV H[SODLQHG LQ WKH SUHYLRXV VHFWLRQ (DFK
LQSXW GDWD VHW LV WUHDWHG DV IROORZV )RU HDFK XQLTXH ODEHO SUHVHQW LQ WKH FXUUHQW GDWD VHW D
SULQFLSDOFXUYHLVFRPSXWHGIRUWKHFRUUHVSRQGLQJ'SRLQWVXEVHW7KHSRLQWVXEVHWLVREWDLQHG
E\VHOHFWLQJWKH'FRRUGLQDWHVRIDOOWXSOHVZKHUHWKHODEHOHOHPHQWPDWFKHVWKHFXUUHQWODEHO
&RQVHTXHQWO\WKHUHVXOWLVDVHWRIGLVMRLQWSULQFLSDOFXUYHVIRUHDFKWUHHLQSXWGDWDVHW/LQNLQJ
WKHHQGSRLQWVRIWKHSULQFLSDOFXUYHWRDWWDLQDVNHOHWDOWUHHUHSUHVHQWDWLRQDVVKRZQLQILJXUH
EFRXOGEHSHUIRUPHGDXWRPDWLFDOO\EDVHGRQWKHVHJPHQWHGLPDJHILJXUHEEXWKDVEHHQ
FRQGXFWHG PDQXDOO\ IRU VLPSOLFLW\ )RU WKH FRPSXWDWLRQ RI WKH SULQFLSDO FXUYHV DQ
LPSOHPHQWDWLRQLQ&ZKLFKFORVHO\IROORZVWKHSURWRW\SHLPSOHPHQWDWLRQSURYLGHGLQ.pJO
KDVEHHQXWLOL]HG 

  
D E F
)LJXUH5HVXOWLQJVNHOHWDOUHSUHVHQWDWLRQVRIWUHH,'D7UHHVNHOHWRQZLWK'SRLQWVFRORUHG
DFFRUGLQJWRODEHOE6NHOHWRQRIWUHHF0DJQLILHGFURZQZLWK'SRLQWVDQGVNHOHWRQ
4. Results  
)LJXUH  JLYHV DQ LPSUHVVLRQ RI WKH UHWULHYHG VNHOHWDO VWUXFWXUHV ZLWK DQ RYHUOD\ RI WKH
FRUUHVSRQGLQJSRLQWVHWV7KHUHVXOWRIWKHSULQFLSDOFXUYHFRPSXWDWLRQIRUHDFKVLQJOHWUHHWUXQN
LVSUHVHQWHGLQWDEOH5HWULHYDORIWKHWUXQNFXUYHLVPRVWWLPHLQWHQVLYHGXHWRLWVFRPSDUDEO\
KLJKQXPEHURILQYROYHGSRLQWV&OHDUO\WKHQXPEHURI'SRLQWVKDVDJUHDWLPSDFWRQWKHWLPH
QHFHVVDU\WRFRPSXWHWKHSULQFLSDOFXUYH,QDGGLWLRQPRUHLWHUDWLRQVDUHJHQHUDOO\UHTXLUHGE\
WKHDOJRULWKPLIWKHQXPEHURIRXWOLHUVRUWKHRXWOLHU¶VGLVWDQFHHUURULVODUJH7KHPHDQGLVWDQFH
HUURU GHQRWHV WKH DYHUDJH(XFOLGHDQ GLVWDQFH RI D ' SRLQW WR LWV FRUUHVSRQGLQJ QRGH RI WKH
SRO\JRQDOOLQHWKHUHIRUHLWVKRXOGDSSUR[LPDWHWKHGLDPHWHURIWKHWUXQN
6LOYL/DVHU6HSW±9DQFRXYHU&DQDGD
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7DEOH5HVXOWVRIH[SHULPHQWVIRUSRLQWVXEVHWVUHSUHVHQWLQJWUXQNV 
7UHH,' &XUYHFRPS WLPH>V@
0HDQGLVWDQFH
HUURU>P@
1XPEHU 
RISRLQWV
'LVWDQFHIURP
VFDQQHU>P@
      
     
     
     
     
     
    
    
      
      
&RPSXWDWLRQ UHVXOWV IRU EUDQFKHV DUH VXPPDUL]HG IRU HDFK WUHH LQ WDEOH  $OO EUDQFKHV DUH
FRPSOHWHGLQOHVVWKDQ 0.5  𝑠 IRUSRLQWVHWVUDQJLQJIURPWRSRLQWVLQVL]H$JDLQWKH
FRPSXWDWLRQLVTXLWHUREXVWWRLPSURSHUO\VHJPHQWHGSRLQWVLHRXWOLHUVWRWKHWDUJHWHG'SRLQW
VHW UHSUHVHQWLQJ WKH EUDQFK )RU HQWLUH WUHHV WKH PHDQ GLVWDQFH HUURU GHQRWHV WKH DYHUDJH
(XFOLGHDQ GLVWDQFH RI D ' SRLQW WR LWV FRUUHVSRQGLQJ QRGH RI WKH SRO\JRQDO OLQH RYHU DOO
EUDQFKHVLQWKHFURZQ,IWKHSRLQWVKDYHEHHQVHJPHQWHGSURSHUO\WKHPHDQGLVWDQFHHUURURI
EUDQFKFXUYHVLVOHVV 1  𝑐𝑚 RQDYHUDJH&XUYHVHJPHQWVH[KLELWLQJDODUJHUHUURULQFRPSDULVRQ
WR SUH DQG VXFFHHGLQJ VHJPHQWV LQGLFDWH WKH SUHVHQFH RI RXWOLHUV HJ GXH WR D QHZ EUDQFK
IRUNLQJ RII RU LPSURSHU VHJPHQWDWLRQ ,Q WKRVH FDVHV WKHPHDQGLVWDQFH HUURU LV VLJQLILFDQWO\
KLJKHULHLQWKHPDJQLWXGHRIVHYHUDOGHFLPHWHUV7KHVKDSHRIWKHSULQFLSDOFXUYHLVJRYHUQHG
VWURQJO\E\WKHSRLQWGLVWULEXWLRQDQGGUDZQWRPRUHGHQVHFOXVWHUVRI'SRLQWV)RUWKLVUHDVRQ
LIWKHQXPEHURIRXWOLHUSRLQWVLVVPDOOWKHSULQFLSDOFXUYHFDQVWLOOEHUHWULHYHGFRUUHFWO\ZLWK
RQO\OLWWOHQRLVHLQIOXHQFH$VLQGLFDWHGLQILJXUHFGDWDJDSVLQDEUDQFKFDQEHEULGJHGDVZHOO
$OWKRXJKZLQGLQJEUDQFKHVLQWKHVFDQVFDXVHGE\ZLQGGXULQJGDWDFDSWXUHFDQQRWEHWUDFHG
LQ DOO GHWDLO WKH JHQHUDO EUDQFK VKDSH FDQ VWLOO EH UHWULHYHG ,Q IDFW WKH UHVXOWLQJ VWUDLJKW
XQZLQGLQJSULQFLSDOFXUYHLVPRUHSODXVLEOHLQWKRVHVSHFLILFFDVHV 
-XGJHG RQ YLVXDO LQVSHFWLRQ WKH REWDLQHG WUHH VWUXFWXUHV WUDFH WKH RULJLQDO VSDWLDO EUDQFKLQJ
VWUXFWXUHYHU\ZHOO&OHDUO\WKHTXDOLW\RIWKHUHVXOWVVWURQJO\GHSHQGVRQWKHSULRUVHJPHQWDWLRQ
RISK\WRHOHPHQWVDQGFRUUHFWO\OLQNLQJRIFRPSXWHGSULQFLSOHFXUYHV 
7DEOH5HVXOWVRIH[SHULPHQWIRUHDFKWUHHH[FOXGLQJWKHLUWUXQNVXEVHWV 
7UHH
,'
1XPEHURI
FXUYHV
7RWDO
7LPH>V@
0HDQ
GLVWDQFH
HUURU>P@
6WGGHYRI
GLVWDQFH 
HUURU>P@ 
7RWDOQXPEHURI
SRLQWVLQFURZQ
1XPEHURI
SRLQWVLQ
ODUJHVWVXEVHW
       
       
        
        
       
        
       
      
       
        
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5. Conclusion 
,QWKLVSDSHUZHKDYHSURSRVHGDQRYHODSSURDFKWRUHWULHYHVNHOHWDOVWUXFWXUHVIURP7/6GDWD
RQ WKH EDVLV RI SULQFLSDO FXUYHV$ SULQFLSDO FXUYH LV D FRPSDFW VXPPDU\ RI D SRLQW FORXG¶V
GLVWULEXWLRQDVSRO\JRQDOOLQH7RRXUNQRZOHGJHSULQFLSDOFXUYHVKDYHQRWEHHQDSSOLHGWR7/6
GDWD VHWVEHIRUH)RU WKLV UHDVRQZHKDYH FRQGXFWHGH[SHULPHQWVRQD VHWRI VHOHFWHG WUHH
SRLQW FORXGV WR DVVHVV WKH IHDVLELOLW\ DQG EHQHILW RI HPSOR\LQJ SULQFLSDO FXUYHV RQ7/6GDWD
6LQFHHDFKSK\WRHOHPHQWRI D WUHHKDV WREH FRPSXWHGE\D VHSDUDWHSULQFLSDOFXUYH DSULRU
VHJPHQWDWLRQKDVEHHQQHFHVVDU\5DWKHUWKDQLQWURGXFLQJDQDUELWUDU\QHLJKERUKRRGRQWKH'
SRLQW FORXG LQ IRUP RI D JUDSK RU YR[HO JULG ZH KDYH H[SORLWHG WKH LPSOLFLW QHLJKERUKRRG
VWUXFWXUH RI WKH VFDQ¶V UDQJH LPDJH $ FRQQHFWHG FRPSRQHQW ODEHOLQJ DOJRULWKP KDV EHHQ
SHUIRUPHG RQ WKH UDQJH GDWD LQ WKH LPDJHPDWUL[ 6XEVHTXHQWO\ WKLV LQLWLDO VHJPHQWDWLRQ KDV
EHHQLPSURYHGE\VSOLWWLQJRUMRLQLQJFRPSRQHQWVWKXVWKDWDXQLTXHODEHOKDVEHHQDVVLJQHGWR
HDFK EUDQFK RU WUXQN )RU HDFK ODEHO D SULQFLSOH FXUYH KDV EHHQ FRPSXWHG DQG WKH UHVXOWLQJ
SRO\JRQDOOLQHVRIDVLQJOHWUHHKDYHEHHQFRQQHFWHGWRDWUHHJUDSK 
2XUUHVXOWVVKRZWKDWWKHSULQFLSDOFXUYHFRPSXWDWLRQLVIDVWUREXVWWRQRLVHDQGFDQDOVRGHDO
ZLWK GDWD JDSV ZKLFK PDNHV LW ZHOO VXLWHG IRU DSSOLFDWLRQ RQ ' GDWD VHWV )XUWKHUPRUH
H[SORLWLQJ WKH LPSOLFLW QHLJKERUKRRG VWUXFWXUH RI WKH UDQJH LPDJH PDWUL[ FOHDUO\ IDFLOLWDWHV
JHQHUDO SURFHVVLQJ RI 'GDWD IURPD VLQJOH VFDQ ,Q WKLVZD\ZHOONQRZQ LPDJH SURFHVVLQJ
PHWKRGV FDQ EH DGDSWHG DQG DSSOLHG WR 7/6 GDWD &RQVHTXHQWO\ ZH VWULYH WR GHYLVH D IXOO\
DXWRPDWLFDOJRULWKPIRUUHWULHYDORIDFRPSOHWHDQGIDLWKIXOWUHHPRGHORQWKHEDVLVRISULQFLSOH
FXUYHVLQWKHIXWXUH
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1. Introduction  
 
Natura2000 is a European cross-border network for the monitoring of endangered and protected 
animal and plant species (European Commission 2012a). It is a part of the European Union’s 
(EU) so-called Flora-Fauna-Habitat (FFH) directive, which was established in 1992 in order to 
conserve and protect wildlife and nature (European Commission 2012b). The FFH directive 
prescribes a regular monitoring cycle of six years for all Natura2000 regions, an area that in 
total currently covers approximately 778 000 km² (18%) of the EU’s land surface. A number of 
ecologically relevant indicators for the monitoring were defined by the European Commission 
and expert consortia of the member states, which are to be used for the assessment of the 
condition of ecosystems. These indicators include the abundance of dead wood in forest 
ecosystems, which was identified as an important indicator for habitat condition (European 
Commission 2012c). It offers nutrition, shelter and housing for a number of animal species, and 
it is of major importance for carbon storage and forest productivity. The assessment of standing 
and fallen dead trees is therefore part of ecological monitoring and sustainable forest 
management. However, manual quantification of dead wood in forests is challenging, because 
extensive fieldwork in sometimes remote and rather inaccessible areas is required. Also, in 
terms of Natura2000 monitoring, the sheer extent of the areas makes it impossible to carry out 
the desired monitoring intervals using solely conventional ground-based mapping methods 
while still being cost-effective.  
The EU-funded research project Changehabitats2 (ChangeHabitats2 2012) aims to develop a 
monitoring methodology designed for the Natura2000 network, based mainly on remote sensing 
technologies. Methods of active and passive remote sensing shall be employed in order to 
support the conventional assessment process and, if possible, replace it partly. For this purpose 
airborne laser scanning (ALS) and hyper spectral (HS) image acquisition campaigns took place 
in selected areas in Germany and Hungary in 2011 and 2012. However, for this study we only 
involve the ALS data, as we want to test the ability of solely ALS to identify dead wood in 
forested areas. Also, we mainly concentrate on downed and standing dead trees that were partly 
or completely overgrown by surrounding trees. Their detection with HS data would anyway be 
difficult if not impossible, as HS imagery depicts the top most canopy and where it can 
penetrate it, it is highly influenced by object shadows. In several studies (Hyyppä et al. 2004; 
Næsset et al. 2004; Wagner et al. 2008; Wulder et al. 2012) it was shown that ALS data 
accurately depict the three-dimensional forest structure down to sub-canopy strata and the forest 
terrain, and can be employed to derive relevant metrics for quantitative and qualitative 
description of vegetation. Research has also shown that ALS data provide an excellent basis for 
the estimation of live and dead biomass in forests. For example, Vehmas et al. (2011) used ALS 
derived height metrics for the identification of canopy gaps with significant amounts of coarse 
woody debris (CWD). Bater et al. (2009) identified the coefficient of variation of ALS echo 
heights as the best variable for prediction of dead tree proportion. Kim et al. (2009) investigated 
the capability of ALS for the discrimination of live and dead standing tree biomass and found 
the echo intensity (often also referred to as echo amplitude) to be the most critical measure for 
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accurate estimation. Also Pesonen et al. (2008) derived ALS height density metrics for the 
prediction of standing and downed dead wood volume. All of the before mentioned examples 
have in common that they rely on statistical modeling and most often regression analysis for the 
identification of relevant ALS parameters, correlation analysis and prediction of downed and 
standing dead wood amounts. To our knowledge only one study exists that investigates the 
capability of ALS for direct mapping of fallen trees. Blanchard et al. (2011) used methods of 
object-based image analysis for the mapping of downed logs in gridded ALS data.  
Considerable parts of this study are embedded in the on-going research in the ChangeHabitats2 
project, which has a lifetime till the end of 2014. Identification of downed and standing dead 
trees is a core product of the project. The presented approach for the detection of downed stems 
has some conceptual similarities to the method described by Blanchard et al. (2011), however 
we use different input parameters derived from full-waveform (FWF) ALS data. A stepwise 
process for the detection of fallen trees is proposed, which is based on the combination of point 
cloud filtering, morphological image processing and map algebra. As opposed to that, our 
efforts taken for the direct and automatic estimation of standing dead wood in the point cloud 
were inconclusive up to now. Nevertheless, we present the results of hitherto existing 
explorative point cloud analysis and give an outlook on future research on this topic within the 
project. 
The following section 2 gives an introduction to the study area, the collected ground truth data 
and ALS data acquired for the project. Section 3 describes the workflow for the detection of 
fallen stems and the analysis of the ALS point cloud for the identification of the standing dead 
trees. All data analysis and processing was conducted using Mathworks Matlab and OPALS 
software packages (OPALS 2012). Section 4 shows and discusses the results, and section 5 
concludes and gives an outlook on future related work. 
 
2. Study area and data 
 
The Uckermark is a landscape in north-eastern Germany, its biggest part being situated in the 
federal state of Brandenburg, the remaining parts in Mecklenburg-Vorpommern. The region is 
highly fertile, characterized by a number of bigger lakes (the so-called Naturpark 
Uckermärkische Seen) and by various rivers, which are often found together with 
alder-dominated riparian forests. Apart from that, beech forests, extensive pastures and wet 
meadows mostly dominate the Uckermark. The test site selected for this study is a beech stand 
(fagus sylvatica) with only few other individual species (quercus robur, picea abies, fraxinus 
excelsior and carpinus betulus). The structural characteristics of the stand vary from a hall-like 
appearance (old trees of 30 m and larger with only few to no understory) to successional 
younger parts (very dense or lots of shrub vegetation). There is only little variation in its relief 
and a few footpaths and driveways cross the area. Its extents are approximately 1200 x 900 m. 
In 2011 and 2012 field-mapping campaigns for the purpose of Natura2000 mapping took place 
there. During the mapping a significant amount of dead trees (downed and standing) was found. 
The start- and endpoints of the downed stems (coarse woody debris) with a diameter bigger than 
30 cm were measured with a differential GPS (dGPS), additionally their diameter and length 
were noted. The locations of the standing dead trees with a diameter at breast height (DBH) 
bigger than 30 cm and higher than 3 m were also measured with dGPS, also additionally their 
DBH and height were noted. Most of the standing dead trees were broken or decayed to a 
degree were crown-forming branches were no longer present. Terrestrial photographs were 
taken of all dead trees found in the area and stored together with the cardinal direction of the 
image acquisition. In total, 29 downed and 40 standing dead trees were mapped in the study site. 
Tree stumps and occasional piles of fine woody debris were not considered.  
The ALS data were collected in spring 2011 (May 5th and 6th, leaf-on) and in early spring 2012 
(March 22nd, leaf-off) using a Riegl LMS Q680i full-waveform system (RIEGL 2012a) mounted 
on a helicopter. A maximum deflection angle of ± 30°, a minimum lengthwise strip overlap of 
50% and a pulse repetition rate of 400 kHz at an average flying height of 500 m a.g.l. resulted in 
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an average point density of 21.8 echoes/m² for the leaf-on and 16.9 echoes/m² for the leaf-off 
flight (considering all echoes). Echo (i.e. return) extraction from the raw full-waveform data 
was achieved by Gaussian decomposition (Wagner 2006) implemented in the software package 
RiPROCESS (RIEGL 2012b). A highly detailed digital terrain model (DTM, grid size 0.25 m) 
could be created from the last echoes of the leaf-off data using hierarchical robust filtering 
(Kraus and Pfeifer 1998) and subsequently the ALS point cloud was augmented with the 
normalized point heights (i.e. the height of the echoes above the terrain). The final point data set 
included the 3D coordinates of each echo, its amplitude and echo width (i.e. the width of the 
reflected pulse from full-waveform processing), the echo number, the total number of echoes 
per emitted pulse and the normalized point height. 
 
3. Methods 
 
3.1 Delineation of downed trees 
 
The high-density point cloud available for this study provides good characterization of downed 
trees and made a direct identification of the stems possible. The proposed stepwise process (see 
Figure 1) begins with the selection of the ALS echoes with normalized heights less than 2 m and 
echo widths smaller than 4.5 ns. The 2 m height threshold is motivated by the fact that the 
biggest uprooted stems and their vertical root plates are commonly smaller than that. However, 
shrub vegetation would still be included in this subset and needs to be removed. For this the 
discriminative power of the echo width is exploited, which was investigated by recent research 
papers (Doneus et al. 2008; Hollaus et al. 2011; Mücke 2008). The echo width relates to small 
height variations of scattering elements within the footprint of the laser beam (Wagner 2005). It 
is therefore a measure of surface roughness and can be used to differentiate between rather 
smooth (in this case the bare forest ground or the downed stems, which appear also as a smooth 
surface in relation to the footprint size) and rather rough areas (here the shrub vegetation). In the 
proposed approach it is used in two ways: (1) directly as a threshold filter for the point cloud in 
the initial step of the process and (2) as a 0.5 x 0.5 m grid model of the echo width variance of 
the echoes in between 0.1 and 3 m distance to the DTM (referred to as EWvar) for classification 
purposes in the last step.  
 
 
Figure 1: Schematic depiction of the identification workflow for downed stems. 
 
The height and echo width threshold applied together on the point cloud significantly reduced 
the amount of data, while still including the echoes relevant for stem detection. A highly 
detailed digital height model is created from the remaining echoes by moving least squares 
interpolation (further referred to as DHM depicting the stem candidates, DHMcand, grid size 
0.25 m). It clearly shows the locations of the downed stems as elongated features (see Figure 
2a). Then a difference model is calculated (normalized DHMcand, nDHMcand = DHMcand - DTM), 
to which a height threshold of 10 cm is applied to separate the downed stems as off-terrain 
features. The resulting model is binarized (1 if nDHMcand > 0.1 m else 0) and morphological 
closing is applied to connect stem areas that have been separated by the height thresholding and 
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to fill holes. The remaining image includes elongated areas representing the downed wood and 
spot-like features which are supposed to result from the stems of standing trees (see Figure 2b). 
To eliminate the spot-like areas we make use of the obvious fact that the stem of a standing tree 
continues above the initial 2 m height threshold and, due to the high point density, is 
represented by ALS echoes. A grid mask is created from the ALS echoes above 2 m and below 
7 m including the point count per 1 x 1 m grid cell, which is then binarized (1 if the model 
exists, else 0) (referred to as MASKbin). Using map algebra the grid models nDHMcand and 
MASKbin are combined and the resulting binary image is converted to vector format (ESRI 
shape), a process during which all polygons smaller than 3 m² are omitted because the chance 
for them being a stem is highly unlikely. The resulting vector map is spatially joined with the 
EWvar raster map and only the polygons featuring a small echo width variance (standard 
deviation of EWvar per polygon < 0.075) are selected. This final step further eliminates wrongly 
classified areas that are identified as near-ground vegetation due to higher surface roughness. 
The final vector map represents the outlines of the identified downed stems (see Figure 2c). 
Visual comparison of the field-measured locations of the downed stems and the DHMcand 
revealed that the positional accuracy of the stems mapped with dGPS was after all not good 
enough. Although every field-measured tree could be assigned a corresponding one in the 
DHMcand, deviations of 1-3 m were observed, which made a direct automatic comparison with 
the automatic identification result (e.g. on pixel or object level) impossible. In fact, we found 
even more downed trees in the area through examination of the DHMcand. To create a complete 
evaluation data set, the fallen stems that could be visually identified on the basis of the DHMcand 
were manually digitized. The so created data set was then used for manual accuracy assessment 
of the automated method and concentrated only on the fact whether a stem was found 
(lengthwise overlap of reference and ALS-derived outlines > 75%), partly found (lengthwise 
overlap < 75%) or not found (no overlap).  
 
3.2 Point cloud analysis for identification of standing dead trees 
 
To investigate the representation of standing dead trees in the ALS point cloud, first sample 
trees had to be located in the study area. It was expected that the dGPS measured locations of 
the standing trees were prone to the same errors as the ones of the downed stems. Therefore, 
these locations were only used as initial positions for manually browsing the point cloud. From 
the data collected in the field, the height and diameter of the tree, as well as the information 
whether it still had a crown, was known and useful for identification of the trees. Twelve 
standing dead trees that distinguished themselves clearly (two of which still had a crown) could 
be selected. Their dGPS locations were subsequently corrected. Additionally, also twelve live 
trees were selected for comparison. The locations were used as centre points for a cylindrical 
extraction with a radius of 2.5 m of the ALS data. For the extracted 24 data sets explorative 
point cloud analysis was carried out. The different representations of live and dead standing 
trees concerning the point distribution (i.e. number of echoes in a certain height interval), the 
FWF attributes echo width and amplitude were investigated per sample tree. The investigations 
were carried out for the leaf-off and the leaf-on data set, likewise. For visualization purposes 
boxplots were created, showing the distribution of the tested echo attributes with respect to the 
corresponding normalized point height (see Figure 3 and Figure 4Error! Reference source not 
found.).  
 
4. Results and discussion 
 
4.1 Delineation of downed trees  
 
The results of the stepwise identification process are shown in Figure 2. The shading of the 
DHMcand (Figure 2a) clearly shows a number of downed trees in this part of the study area, some 
of them have a vertical root plate. They are further highlighted by the binarized nDHMcand 
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(elongated shapes in Figure 2b). This image also shows the spot-like areas that are supposed to 
represent stems of standing trees and remaining areas of near-ground vegetation, which were not 
removed entirely by the echo width filter applied to the point cloud. Figure 2c shows the final 
outlines of the automatically identified downed stems. In this part of the study area all but 2 
stems were detected, 3 stems were only partly found. For the whole study area, out of a total of 
193 manually digitized stems, 72 stems were fully detected (37.3%), 64 partly (33.2%) and 57 
were not found (29.5%).  
 
 
Figure 2: a) Shading of DHMcand overlaid with manually digitized water bodies; b) binarized nDHMcand;  
c) DHMcand overlaid with identified downed stems (given coordinates are ETRS89 / UTM33 N). 
 
The quality of the result is highly dependent on the DTM. On the one hand, the terrain 
modelling process (also referred to as filtering) has to be rather rigorous, as the initial echo 
selection is based on normalized point heights. Consequently, if the downed trees have a 
diameter smaller than 10 cm or are in an advanced state of decay, the height threshold applied to 
the nDHMcand excludes them. On the other hand, if the filtering is too rigorous, also small 
terrain bumps are filtered, which exhibit the same characteristics as downed stems (rather 
smooth areas in comparison to the laser beam and impenetrable, also often bigger than 3 m²). 
They therefore appear as spot-like polygons in the final result and are false positives (meaning 
polygons that were automatically classified as downed stems, but were not represented in the 
reference data), and cannot be excluded by FWF-ALS criteria. Some of the spot-like polygons 
in the final vector map (e.g. inside white rectangles in Figure 2c) were identified by the 
photographs taken in the field as (1) near-ground vegetation (shrubs and creepers), (2) piles of 
twigs or fine woody debris, and (3) vertical root plates of nearly fully decayed downed trees. 
We assume that (1) and (2) were too densely intertwined and hence featured comparable surface 
roughness to the downed stems. While case (1) is problematic, cases (2) and (3) are of course 
correct and a desirable result, but up to now our efforts to distinguish them were unsuccessful. 
Using additional geometric criteria, e.g. like perimeter-area ratio, might bring improvement, but 
evidently it would also delete objects that were identified correctly. Undoubtedly, this is the 
trade-off between completeness and correctness of the result, which has to be accepted using the 
proposed method. 
 
4.2 Point cloud analysis for the identification of standing dead trees 
 
For the explorative point cloud analysis, the ALS data were divided into subsets holding only 
first, last, single and all echoes, in order to investigate the influence of the different return types. 
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In concurrence with other existing studies we found the echo distribution and the echo 
amplitudes to be the strongest indicators for discrimination between standing live and dead trees. 
However, significant differences between the different return types were not observed. On the 
contrary, the more echoes were included in the analysis, the better the discriminatory power 
turned out to be. The boxplot given in Figure 3 shows that the echoes from dead trees are at 
both acquisition times more equally distributed than the ones for live trees. This is partly due to 
the high number of dead sample trees without a crown in our study area, but nevertheless it 
serves as an indicator for trees at this stage of decay.  
 
 
Figure 3: Boxplots showing the point distribution of all ALS echoes from the leaf-off and leaf-on data for 
the selected standing live and dead trees (red mark = median, blue box = 0.25 to 0.75 quantile, black line 
= data range without outliers). 
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Figure 4: Boxplots showing the echo amplitudes of all ALS echoes from the leaf-off and leaf-on data for 
the selected standing live and dead trees (red mark = median, blue box = 0.25 to 0.75 quantile, black line 
= data range without outliers). 
A relevant difference between leaf-off and leaf-on data could not be observed, although this is 
assumed to be a critical indicator for identifying standing dead trees that still have 
crown-forming branches, as it directly refers to vegetation phenology. Unfortunately, the subset 
of this tree type in our study area was too small to further elaborate on that matter.  
In contrast, the echo amplitudes feature significant differences for leaf-off and leaf-on data, 
which can be seen in Figure 4Error! Reference source not found.. While again the 
distribution for the dead trees is rather equal for leaf-off and leaf-on, the trend for the live trees 
behaves contrarily. It shows significantly higher amplitudes in the top 30% of the echoes in the 
leaf-on than in the leaf-off, which is most likely caused by green foliage and its high reflectivity 
in the near infrared. This is also the strongest discriminator if employed for identification of 
dead trees during leaf-off season and live trees during leaf-on season using only the echoes in 
the top 30% of the tree heights. The high amplitudes in the leaf-on data set in the top most parts 
of the dead trees are most likely caused by branches of surrounding live trees, 
partly-overgrowing or growing into the dead tree.  
 
5. Conclusion and outlook 
 
This study investigates the capability of ALS for the identification of individual dead trees in 
forest ecosystems. The proposed workflow produces a vector map containing the outlines of the 
downed wood, which can further be used for clipping the ALS point cloud and selecting only 
echoes from downed trees. Also the vertical root plates are picked up in the data set of a density 
of approx. 20 echoes per m². Subsequently, cylinder fitting could be carried out in the 3D data 
to derive the dimensions of the stems. Based on the explorative point cloud analysis we envision 
a penetration index map on a grid basis for area wide identification of standing dead trees. It 
comprises the number of echoes in certain height intervals compared to all echoes and is 
therefore a measure of point distribution and penetration depth. Also, a map incorporating the 
ratio of amplitudes from the top 30% of all echoes (referring to the normalized echo height) 
from leaf-off and leaf-on ALS data can be conceived. Both maps will be subject in further 
studies and will be tested for their significance in identifying standing dead trees.  
The information provided by the results of this study can be used to directly assess the state of 
ecosystems or, multi-temporal data acquisition assumed, highlight the ones where significant 
changes took place (so-called hot spots). Experts in FFH-mapping are then able to precisely 
select the Natura2000 habitats where they need to go and others, less affected or changed areas, 
can be treated with lower priority, thus improving the entire time- and cost-efficiency. 
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 KDYH GHYHORSHG D QHZ PHWKRG IRU UHFRQVWUXFWLQJ
WRSRORJLFDOO\ FRQVLVWHQW WUHH DUFKLWHFWXUH IURP WHUUHVWULDO OLGDU VFDQQHU 7/6 SRLQW
FORXGV7KHPHWKRGJHQHUDWHVDF\OLQGHUPRGHOWUHHVWUXFWXUHXVLQJDVWHSZLVHDSSURDFK
7KHSRLQWFORXGLVFRYHUHGZLWKVPDOOVHWVWKDWDUHDORQJWKHWUHHVXUIDFH7KHFRYHUVHWV
DUH WKHQ VHJPHQWHG LQWR EUDQFKHV WKDW FDQ EH DSSUR[LPDWHGZLWK F\OLQGHUV FKHFNLQJ
FRQQHFWLYLW\ DW HDFK VWDJH 7KLV DSSURDFK DYRLGV WKH QHHG IRU UHVWULFWLYH DVVXPSWLRQV
DERXWFURZQIRUPDQGDXWRPDWLFDOO\JHQHUDWHVVWDWLVWLFDOSURSHUWLHVRIWKHUHFRQVWUXFWHG
WUHH 7KHPHWKRG KDV EHHQ VKRZQ WR EH HIIHFWLYH IRU EUDQFKWUXQN SDUWV ZKHUH SRLQW
FRYHUDJH LV QHDU FRPSOHWH DQG WKH GLDPHWHU RI WKH SDUW LV ODUJH FRPSDUHG WR WKH
PHDVXUHPHQWDFFXUDF\$GLIILFXOW\RIWHVWLQJWKHPHWKRGDQGTXDQWLI\LQJWKHLPSDFWRI
LQVWUXPHQW DQG VXUYH\ FKDUDFWHULVWLFV RQ WKH UHVXOWLQJ VWUXFWXUDO LQIRUPDWLRQ LV
FROOHFWLQJVXIILFLHQWDFFXUDWHPHDVXUHPHQWVIURPUHDOWUHHVXQGHUFRQWUROOHGFRQGLWLRQV
+HUHZHRYHUFRPHWKLVE\XVLQJDGHWDLOHG'VWUXFWXUDO WUHHPRGHODQG0RQWH&DUOR
UD\ WUDFLQJ 0&57 7KXV µWUHH¶ VWUXFWXUH LV NQRZQ a priori DQG VLPXODWHG 7/6
SURSHUWLHVFDQEHVWULFWO\FRQWUROOHG:HXVHD'PRGHO6FRWVSLQHWUHHJHQHUDWHGXVLQJ
DWUHHJURZWKPRGHODQGFRQVWUXFWHGRIF\OLQGHUVDOWKRXJKWKLVFRXOGHTXDOO\EHGRQH
ZLWK IDFHWVRURWKHUJHRPHWULFVKDSHV IRUZKLFKDOOSRVLWLRQVDQGVL]HVDUHVSHFLILHG
7/6 UHWXUQV ZHUH VLPXODWHG IURP WKUHH SRVLWLRQV XVLQJ WKH VDPH LQVWUXPHQW
FKDUDFWHULVWLFV DV 5DXPRQHQ HW DO  DQG ' UHFRQVWUXFWLRQ ZDV DSSOLHG WR WKH
UHVXOWLQJ SRLQW FORXG :H VKRZ WKDW WKH UHFRQVWUXFWLRQ ZRUNV ZHOO RQ WKH VLPXODWHG
SRLQWFORXGZLWKVRPHFRQVWUDLQWVUHSURGXFLQJWKHRULJLQDOEUDQFKOHQJWKDQGYROXPH
ZLWK UHODWLYHHUURUIRU VRPHFDVHV$FFXUDF\ LV FORVHO\OLQNHG WR WKHVL]HRI WKH
SRLQW VXEVHWV XVHG LQ UHFRQVWUXFWLRQ 7KHVH UHVXOWV GHRQVWUDWH WKH ' VLPXODWLRQ
DSSURDFKLVLGHDOO\VXLWHGWRWHVWLQJUHFRQVWUXFWLRQPHWKRGVZKLFKLVDQLPSRUWDQWSDUW
RIGHPRQVWUDWLQJWKHXWLOLW\RIVXFKPHWKRGV

1. Introduction 
9HJHWDWLRQ VWUXFWXUH LV DQ LPSRUWDQW SURSHUW\ WKDW LQSDUW JRYHUQV WKH WUDQVIHURI
JDV ZDWHU DQG UDGLDWLRQ DW WKH ODQG VXUIDFH 6WUXFWXUH LH WKH VL]H VKDSH DQG '
DUUDQJHPHQW RI ZRRG\ DQG OHDI PDWHULDO YDULHV KXJHO\ ZLWKLQ DQG DFURVV YHJHWDWLRQ
W\SHV DQG ELRPHV DQG LV D GLIILFXOW SURSHUW\ WR PHDVXUH RQ DQ\WKLQJ RWKHU WKDQ

 &RUUHVSRQGLQJDXWKRU
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 
SORWVFDOH5HPRWHVHQVLQJPHDVXUHPHQWVFDQEHXVHGWRHVWLPDWHVWUXFWXUDOSURSHUWLHV
LQGLUHFWO\ +RZHYHU VXFK PHDVXUHPHQWV W\SLFDOO\ UHTXLUH VLJQLILFDQW DVVXPSWLRQV RU
VLPSOLILFDWLRQV UHJDUGLQJ VWUXFWXUH DQG DOVR WHQG WR EH D IXQFWLRQ RI ELRFKHPLFDO
SURSHUWLHVRIWKHYHJHWDWLRQ2PDVDHWDO/LGDULQVWUXPHQWVSURYLGHPXFKPRUH
GLUHFW HVWLPDWHV RI VWUXFWXUDO SURSHUWLHV EXW LQ WXUQ UHTXLUH GLIIHUHQW PHWKRGV IRU
LQWHUSUHWLQJ WKH UHVXOWLQJ GDWD +HUH ZH IRFXV RQ QHZ PHWKRGV IRU H[WUDFWLQJ '
VWUXFWXUDOLQIRUPDWLRQIURP7/6SRLQWFORXGV
0DQ\ VWXGLHV KDYH H[WUDFWHG µFDQRS\ DYHUDJH¶ VSDWLDOO\ DYHUDJHG VWUXFWXUDO
SURSHUWLHVIURP7/6GDWDHJOHDIDUHDLQGH[/$,JDSSUREDELOLW\VWHPYROXPHEDVDO
DUHDDQGDERYHJURXQGZRRG\ELRPDVVHJ2PDVDHWDO-XSSHWDO<DRHW
DO6HLGHOHWDO/RYHOOHWDOXVHG7/6GDWDWRYDOLGDWHDVLPSOLILHG
PRGHO RI FDQRS\ VFDWWHULQJ 1HZ IXOOZDYHIRUP 7/6 DQG V\VWHPV ZLWK PXOWLSOH
ZDYHOHQJWKV KROG JUHDW SURPLVH IRU LPSURYHG VWUXFWXUDO HVWLPDWHV -XSS HW DO 
*DXOWRQHWDO<DRHWDO 
,W KDV SURYHG PXFK KDUGHU WR JHQHUDWH WRSRORJLFDOO\ FRQVLVWHQW H[SOLFLW '
VWUXFWXUDOLQIRUPDWLRQIURP7/6GDWDDVRSSRVHGWRFDQRS\DYHUDJHV5HDVRQVIRUWKLV
LQFOXGH WKH SUREOHP RI RFFOXVLRQ ZLWKLQ WKH SRLQW FORXGV DQG OLPLWHG DYDLODELOLW\ RI
KLJKO\FRQWUROOHG7/6GDWDIRUGHYHORSPHQWDQGWHVWLQJ%XWSHUKDSVPRVWLPSRUWDQWO\
WHVWLQJ'UHFRQVWUXFWLRQPHWKRGVUHTXLUHVWUHHVWUXFWXUHWREHNQRZQSUHFLVHO\a priori
WKLVLVYHU\GLIILFXOWLQSUDFWLFH&{WpHWDO+RZHYHULIH[SOLFLW'VWUXFWXUHFDQ
EH GHULYHG IURP7/6 GDWD UDSLGO\ DQG DFFXUDWHO\ WKLV ZRXOG EH H[WUHPHO\ XVHIXO IRU
DSSOLFDWLRQV LQFOXGLQJ WHVWLQJ DQG EHQFKPDUNLQJ QHZPRGHOV DQG SDUDPHWHU UHWULHYDO
PHWKRGV :LGORZVNL HW DO  VLPXODWLQJQHZVHQVRUV +DQFRFNHW DO DQG
GULYLQJUDGLDWLRQVFDWWHULQJPRGHOV'LVQH\HWDO
*URZLQJ LQWHUHVW LQ 7/6 V\VWHPV KDV OHG WR YDULRXV DSSURDFKHV WR ' WUHH
UHFRQVWUXFWLRQ +\\SSl HW DO  XVHG D VHJPHQWDWLRQ±EDVHG PHWKRG WR UHWULHYH
FURZQ VWHP YROXPH 3IHLIHU HW DO  DQG 3IHLIHU DQG :LQWHUKDOGHU  XVHG
IUHHIRUP FXUYHV WR GHULYH ' VWUXFWXUH IURP 7/6 GDWD *RUWH DQG 3IHLIHU 
H[WHQGHGWKLVDSSURDFKWRDPRUHJHQHUDOWUHHPRUSKRORJLFDOGHVFULSWLRQ%XFNVFKDQG
/LQGHQEHUJKXVHGDQRFWUHHVWUXFWXUHWRGULYHDVNHOHWRQLVDWLRQDSSURDFK%LQQH\
DQG6XNKDWPHSURSRVHGDSUHGLFWLYHPRGHOZRUNLQJXSLQVHJPHQWVWKRXJKWKH
SRLQW FORXG DQG XVLQJ D VLPSOH VHQVRUPRGHO WR JHQHUDWH SRVVLEOH K\SRWKHVHV IRU WKH
QH[W VHJPHQW 5XW]LQJHU HW DO  VLPSOLILHG 7/6 SRLQW FORXG GDWD LQWR FURZQ
DUFKHW\SHV FRQH HOOLSVH HWF EHIRUH DSSO\LQJ D WUHH JURZWK PRGHO WR HVWLPDWH
ZLWKLQFURZQWUHHEUDQFKLQJVWUXFWXUH&{WpHWDOXVHGDVWDWLVWLFDOPHWKRGEDVHG
RQ9HUURXVWDQG/D]DUXVWRUHFRQVWUXFWDSSUR[LPDWHWUXQNDQGEUDQFKWRSRORJ\
7KHDSSURDFKZDVODWHUH[WHQGHGWRHVWLPDWHµVWDQGDYHUDJH¶WUXQNGLDPHWHUDQGIROLDJH
DUHD&{WpHWDO
)RU DOO H[DPSOHV GHVFULEHGDERYH UHFRQVWUXFWHG FDQRS\DUFKLWHFWXUHZDV DVVHVVHG
HLWKHU TXDOLWDWLYHO\ RU XVLQJ YROXPHDYHUDJH RU FURZQOHYHO FRPSDULVRQV &{Wp HW DO
QRWHWKDWFRPSDULVRQVDUHQHFHVVDULO\OLPLWHGE\WKHUHTXLUHPHQWIRUDFRPSOHWH
GHVFULSWLRQRI WKH VWUXFWXUDODWWULEXWHVRI WKH UHIHUHQFH WUHHV7KLV LVVXH LVH[DFHUEDWHG
GXH WR WKH GLIILFXOW\ RI REWDLQLQJ 7/6 GDWD ZLWK ZHOOFKDUDFWHULVHG SURSHUWLHV DQG
PLQLPDOXQFHUWDLQW\HJZLQGHIIHFWV+RZHYHUWKHVHSUREOHPVFDQEHRYHUFRPHE\
XVLQJ DQ HQWLUHO\ VLPXODWHG GDWDVHW IRU ERWK WKH RULJLQDO UHIHUHQFH ' µWUHHV¶ DQG WKH
7/6 GDWD ,Q WKLV ZD\ ' WUHH VWUXFWXUH LV NQRZQ SUHFLVHO\ a priori DQG WKH
FKDUDFWHULVWLFV RI WKH 7/6 SRLQW FORXGV FDQ EH FRQWUROOHG $V ORQJ DV µVXIILFLHQWO\¶
UHDOLVWLF7/6SRLQWFORXGVFDQEHVLPXODWHGWKHWHVWLVWKHQRQO\RIWKHSHUIRUPDQFHRI
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 
WKH UHFRQVWUXFWLRQ PHWKRG +HUH ZH SUHVHQW UHVXOWV RI VXFK DQ DSSURDFK XVLQJ '
VWUXFWXUDO PRGHOV DQG 0RQWH &DUOR UD\ WUDFLQJ 0&57 WR WHVW D QHZ PHWKRG RI
DXWRPDWHG' WUHH UHFRQVWUXFWLRQ IURP7/6SRLQW FORXGVZKLFK LV ERWK HIILFLHQW DQG
UHTXLUHVYHU\IHZDVVXPSWLRQVcNHUEORPcNHUEORPHWDO5DXPRQHQHW
DO 
 
2. Methods 
7KHPHWKRGFRPSULVHVWKUHHVWDJHVL0&57VLPXODWLRQRI7/6SRLQWFORXGVXVLQJ
D'WUHHPRGHODVWKHµWUXWK¶NQRZQVWUXFWXUDOSURSHUWLHVLLUHFRQVWUXFWLRQRIWKHWUHH
VWUXFWXUDOSURSHUWLHV OHQJWK UDGLXVYROXPHRIF\OLQGHUVFRPSULVLQJ WKH WUHH DQG LLL
FRPSDULVRQEHWZHHQRULJLQDODQGUHFRQVWUXFWHG'VWUXFWXUH

2.1. Simulation 
7KH'VWUXFWXUDOPRGHOXVHGKHUHUHSUHVHQWVD\UROG6FRWVSLQHWUHHJHQHUDWHG
XVLQJ DQ HPSLULFDO JURZWK PRGHO SDUDPHWHULVHG E\ VSHFLHVGHSHQGHQW EUDQFKLQJ
VWDWLVWLFV LQFRQMXQFWLRQZLWK VSHFLILHGH[WHUQDOHQYLURQPHQWDOFRQGLWLRQV /HHUVQLMGHU
7KHVSHFLILFWUHHPRGHOXVHGKHUHKDVEHHQXVHGLQYDULRXVVWXGLHVVHH'LVQH\HW
DOILJ7/6SRLQWFORXGVZHUHVLPXODWHGXVLQJWKHlibrat0&57PRGHOlibrat2
LV D 0&57 VLPXODWLRQ OLEUDU\ WKDW KDV EHHQ WHVWHG DQG YDOLGDWHG DJDLQVW (2
PHDVXUHPHQWV DQG RWKHUPRGHOV DQG EHHQ XVHG IRU DZLGH UDQJH RI (2 DSSOLFDWLRQV
'LVQH\ HW DO   :LGORZVNL HW DO  +DQFRFN HW DO  0&57
LQYROYHV HVWLPDWLQJ FDQRS\ UDGLDWLYH WUDQVIHU WKURXJK VWRFKDVWLF VDPSOLQJ RI SRVVLEOH
SKRWRQµUD\¶WUDMHFWRULHV IURPVRXUFHWRVHQVRUIRUZDUGRUVHQVRUWRVRXUFHUHYHUVH
DQG PRGHUDWLQJ SKRWRQ DWWHQXDWLRQ DW HDFK UD\ LQWHUDFWLRQ E\ VSHFLILHG PDWHULDO
UHIOHFWDQFHDQGWUDQVPLWWDQFHSURSHUWLHV,QOLGDUPRGHWKHlibratVRXUFHDQGVHQVRUDUH
FRLQFLGHQWDQGµSKRWRQ¶SDWKVSURYLGHWKHGLVWDQFHWRWKHILUVWPDWHULDOLQWHUDFWLRQIRU
GLVFUHWH UHWXUQ OLGDU V\VWHPV EXW DOVR D GLVWDQFHUHVROYHG VLJQDO IRU IXOOZDYHIRUP
VLPXODWLRQV+HUH VLPXODWLRQVZHUH DV IRU5DXPRQHQ HW DO ZKR XVHG D /HLFD
+'6ZLWKDQP7/6V\VWHPDOWKRXJK WKHV\VWHP LVSKDVHEDVHG UDWKHU
WKDQGLVFUHWHUHWXUQWKHSRLQWFORXGKDVWKHVDPHSURSHUWLHVLHFLUFXODUEHDPGLDPHWHU
DWWKHH[LWRIPPDQGEHDPGLYHUJHQFHRIPUDG7KHVLPXODWHGOLGDUZDVVLWXDWHG
DWPKHLJKWDWDUDGLDOGLVWDQFHRIPIURPWKHWUHHDWDWDQG
LQWKH[\SODQHLH[\]ORFDWLRQV>@>@DQG>@
 
2.2. 3D Reconstruction 
' WUHH VWUXFWXUH ZDV UHFRQVWUXFWHG IURP WKH VLPXODWHG SRLQW FORXGV XVLQJ WKH
PHWKRG GHYHORSHG E\5DXPRQHQ HW DO  cNHUEORP  DQG DSSOLHG LQ
cNHUEORP HW DO  7KH PHWKRG UHFRQVWUXFWV JOREDO ' WUHH DUFKLWHFWXUH
VWHSE\VWHS YLD DQ DGYDQFLQJ FROOHFWLRQ RI VPDOO ORFDO SRLQW FORXG VHWV VXUIDFH
SDWFKHV 7KH VWHSZLVH DSSURDFK GRHV QRW UHTXLUH JHQHUDO a priori DVVXPSWLRQV DERXW
WUHH VWUXFWXUH DQG DOORZV JOREDO UHFRQVWUXFWLRQ IURP D VHULHV RI VPDOOHU PRUH
FRPSXWDWLRQDOO\PDQDJHDEOHLQGHSHQGHQWVXEVHWVRIORFDOVXUIDFHSDWFKHV7KHPHWKRG
UHVXOWV LQ D GDWDEDVH RI VWUXFWXUDO FKDUDFWHULVWLFVZKLFK LQ DGGLWLRQ WR WKH WRSRORJLFDO
UHSUHVHQWDWLRQRI WUHHVWUXFWXUHFDQEHXVHG WRGHVFULEH WUXQNEUDQFKGLDPHWHU OHQJWK
ORFDWLRQ DQG EUDQFK DQJXODU GLVWULEXWLRQV DQG SRVLWLRQ SK\OORWD[\ 7KH PHWKRG LV
VFDOHLQGHSHQGHQWDQGFDQEHXVHGWRUHFRQVWUXFWWKHF\OLQGULFDOPRGHODFFXUDWHO\GRZQ

 libratLVDYDLODEOHDVXQVXSSRUWHGVRXUFHFRGHGLVWULEXWLRQIURPZZZJHRJXFODFXNaSOHZLVESPVVUFOLE
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 
WRWKHPHDVXUHPHQWDFFXUDF\RIWKHODVHUVFDQQLQJ
7KHPHWKRGDVVXPHVWKHSRLQWFORXGLVDORFDOO\XQLIRUPVDPSOHRIWKHEUDQFKDQG
WUXQNVXUIDFHRIZKLFKFRQWDLQVµVXIILFLHQW¶ZLWKLQVRPHWROHUDQFHVSDWLDOGHWDLORIWKH
EUDQFKHV 7KHPHWKRG FRPSULVHV VL[ VWHSV L JHQHUDWLRQ RI FRYHU VHWV VHH )LJXUH 
OHIWLLGHULYDWLRQRIWKHQHLJKERXUUHODWLRQDQGJHRPHWULFFKDUDFWHULVWLFVRIWKHFRYHU
VHWVLLLWUHHFRPSRQHQWVLGHQWLILHGEDVHGRQFRYHUVHWFKDUDFWHULVWLFVLYVHJPHQWDWLRQ
RIFRPSRQHQWVLQWREUDQFKHVUHFRJQLVLQJELIXUFDWLRQVE\WHVWLQJORFDOFRQQHFWLYLW\Y
ILWF\OLQGHUVWRVPDOOVXEUHJLRQVRIVHJPHQWVYLDOHDVWVTXDUHVVHH)LJXUHULJKWYL
ILOOJDSVEHWZHHQF\OLQGHUVHJPHQWV5HFRQVWUXFWLRQRIWKHVLPXODWHGSRLQWFORXGVZHUH
FDUULHGRXWIRUYDU\LQJFRYHUVHWGLDPHWHUVGFRIDQGFP7KH0$7/$%
FRGHSURFHVVHG0VLPXODWHGSRLQWVLQPLQVFPGLDPHWHUGRZQWRPLQV
FPRQDQ$SSOH0DF%RRN3URZLWK*+]&38DQG*%RI5$0
5HFRQVWUXFWLRQDFFXUDF\ZDVDVVHVVHGE\FRPSDULQJ WKHRULJLQDO'PRGHO WUXH
FDQRS\VWUXFWXUDOFKDUDFWHULVWLFVEUDQFKWUXQNOHQJWKDQGYROXPHZLWKWKRVHGHULYHG
YLDUHFRQVWUXFWLRQERWKDWWKHWUHHOHYHODVZHOODVYLDF\OLQGHUVL]HGLVWULEXWLRQV

 
Figure 1 /HIW SDQHO FRYHU VHWV HDFK RI GLIIHUHQW FRORXU EHLQJ IRUPHG RQ WUXQN DQG EUDQFK VXUIDFHV
ULJKWDVHJPHQWEUDQFKVXEGLYLGHGLQWRUHJLRQVGLIIHUHQWFRORXUVXVHGIRUF\OLQGHUILWWLQJZLWKDUURZV
VKRZLQJLQLWLDOO\HVWLPDWHGD[LVGLUHFWLRQV

3. Results 
3.1. Tree-level comparison 
    
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 
Figure 2/HIWWRULJKWF\OLQGHUYHUWLFHVRIRULJLQDO'PRGHO±DOOEUDQFKHVWZLJVFDUU\LQJQHHGOHVRQO\
UHFRQVWUXFWHGEUDQFKF\OLQGHUYHUWLFHVZLWKGF DQGFPUHVSHFWLYHO\ 



Table 12ULJLQDODQGUHFRQVWUXFWHGEUDQFKWUXQNDQGWRWDOOHQJWKDQGYROXPH
  Reconstructed: varying cover set diameter, dc (cm) 
 Original dc = 1.0 dc = 1.4 dc = 1.8 dc = 2.5 
%UDQFKOHQJWKP     
%UDQFKYROXPHP     
7UXQNOHQJWKP     
7UXQNYROXPHP     
7RWDOOHQJWKP     
7RWDOYROXPHP     
+HLJKWP     
1RRIFRYHUVHWV     

7KH FRPSDULVRQ RI RULJLQDO ' PRGHO
F\OLQGHU YHUWLFHV LQ )LJXUH  VKRZV JRRG
DJUHHPHQWZLWKWKHUHFRQVWUXFWHGWUHHV7KH
WZR ULJKWKDQG SDQHOV VKRZ WKDW DV GF
LQFUHDVHV IURPDQGFPVRPHGHWDLO
LV ORVW 7KH FRPSDULVRQ RI F\OLQGHU OHQJWK
DQG YROXPHV DORQJ ZLWK WRWDO KHLJKW LQ
7DEOH  DQG )LJXUH  TXDQWLI\ WKH
GLIIHUHQFHV EHWZHHQ RULJLQDO DQG
UHFRQVWUXFWHG'VWUXFWXUHIRULQFUHDVLQJGF
LHORZHUUHVROXWLRQUHFRQVWUXFWLRQV)LJXUH
VKRZV WKHYDULDWLRQEHWZHHQ WKHRULJLQDO
2 DQG UHFRQVWUXFWHG 5 YDOXHV DV WKH
WRWDOUHODWLYHHUURUGLIIHUHQFHLHî
522 ZKHUH 5 DUH RYHUHVWLPDWHV WKH
HUURUZLOOEHSRVLWLYH,WFDQEHVHHPWKDWHUURULQYROXPHLQFUHDVHVZLWKGFZKLOHHUURUV
LQ OHQJWK DUH IODW RU VOLJKWO\ EHOOVKDSHG 7KH FORVH DJUHHPHQW RI F\OLQGHU VL]H
GLVWULEXWLRQVDUHVKRZQLQ)LJXUHDQG)LJXUHIRUGF FPWKHFDVHZLWKFORVHVW
DJUHHPHQWRI5YROXPHDQG5OHQJWKWRWKHFRUUHVSRQGLQJ2YDOXHV

4. Discussion and conclusions 
7KH UHVXOWV LQGLFDWH WKDW WKH ' UHFRQVWUXFWLRQ PHWKRG LV DEOH WR UHSURGXFH WKH
RULJLQDO ' VWUXFWXUH ZLWKLQ D IHZ SHUFHQW )URP 7DEOH  5KHLJKW LV D YHU\ VOLJKW
RYHUHVWLPDWH IRU DOOGF DOWKRXJK WKH5EUDQFK OHQJWKVDUH VOLJKWXQGHUHVWLPDWHV 
8QGHUHVWLPDWLRQ RI 5WUXQN LV PRUH VLJQLILFDQW a )LJXUH  VKRZV WKDW DV GF
LQFUHDVHV5YROXPH LQFUHDVHV DQG VR WKH HUURU LQFUHDVHV FRUUHVSRQGLQJO\5YROXPH LV YHU\
FORVHWR2YROXPHIRUGFFPEXWDVLJQLILFDQWRYHUHVWLPDWHDWGF FP)LJXUH
DQG)LJXUH VKRZ WKDW IRUDOOGF5UDGLXV LVFORVHU WR2UDGLXV WKDQ5YROXPH WR2YROXPH)RU
UDGLL WKHUH LV FRQVLVWHQW DJUHHPHQW DFURVV DOO YDOXHV ZLWK VRPH RIIVHW 9ROXPH LV
SHUKDSV D EHWWHU FRPSDULVRQ RI2Y5 WKDQ OHQJWK DV LW DFFRXQWV IRU WKH SUREOHPRI
VLQJOH EUDQFKHV EHLQJ UHFRQVWUXFWHG DVPXOWLSOH VHJPHQWV RI VKRUWHU OHQJWK+RZHYHU
WKH KLJKO\ VNHZHG YROXPH GLVWULEXWLRQ YHU\PDQ\ VPDOO YHU\ IHZ ODUJHPDNHV WKLV
VRPHZKDWWULFN\DOWKRXJKFRQVLGHULQJORJELQFRXQWVKHOSV)RUERWK2DQG5WKHUHDUH
Figure 3 &RPSDULVRQ RI RULJLQDO ' WUHH
PRGHO DQG UHFRQVWUXFWHG WUHHV IRU YDU\LQJ
FRYHUVHWGLDPHWHUV
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 
D YHU\ ODUJH QXPEHU RI F\OLQGHUV ZLWK VPDOO YROXPHV  RI DQG   FP
UHVSHFWLYHO\ZLWKWKHUHPDLQLQJF\OLQGHUVVSUHDGRYHUVHYHUDORUGHUVRIPDJQLWXGHLQ
YROXPHZLWK D YHU\ IHZ FRPSDUDWLYHO\ YHU\ ODUJH RQHV 7KLV DFFRXQWV IRU WKHPXFK
JUHDWHUVFDWWHUDWORZQXPEHUVVHHQLQWKHULJKWSDQHORI)LJXUH 

 
 
 
Figure 56FDWWHURI ORJRIQRUPDOLVHG IUHTXHQF\GLVWULEXWLRQVRIRULJLQDOY UHFRQVWUXFWHGF\OLQGHU UDGLL
OHIWDQGYROXPHULJKW±QRWHFKDQJHRIVFDOHIRUDOOGFOLQHVKRZQDVGRWWHG
 
7KHXQGHUHVWLPDWLRQRI5WUXQNLQ7DEOHLQGLFDWHVWKDWDXWRPDWLFFODVVLILFDWLRQRIWKH
WUXQN FRPSRQHQWV LV QRWZRUNLQJ SHUIHFWO\ ,GHQWLI\LQJ LVVXHV RI WKLV VRUW LV SUHFLVHO\
ZK\ WKHDSSURDFK WDNHQKHUH LV LGHDO IRU WHVWLQJ WKH UHFRQVWUXFWLRQ$GGLWLRQDO UHVXOWV
QRW VKRZQ IRU UHFRQVWUXFWLRQV ZLWK QHHGOHV UHPRYHG LQGLFDWH WKDW QHHGOHV
XQVXUSULVLQJO\KDYHDVLJQLILFDQW LPSDFW LQFUHDVLQJ5YROXPH WKHQHHGOHVPDNH WKH
 
 
Figure 47RSURZQRUPDOLVHGKLVWRJUDPRIRULJLQDO'F\OLQGHUUDGLL EOXHDQGUHFRQVWUXFWHGUDGLL UHG
IRUGF FP%RWWRPURZDVDERYHEXWIRUF\OLQGHUOHQJWK
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 
EUDQFKHVDSSHDUWKLFNHULQWKH7/6PHDVXUHPHQWV)LJXUHLQSDUWLFXODULQGLFDWHVWKDW
WKHUH LV DQ RSWLPXP YDOXH RI GF IRU UHFRQVWUXFWLRQ EHORZ ZKLFK WKHUH LV D VPDOO
GHFUHDVH LQ DFFXUDF\EXW DERYHZKLFKDFFXUDF\ GHFOLQHV UDSLGO\ ,Q WKLV FDVH VPDOOHU
EUDQFKHVFORVHWRJHWKHUFDQQRWEHVHSDUDWHGDQGRUWKHLUEDVHVPD\EHSRRUO\UHVROYHG
HYHQLIWKH\DUHUHFRJQLVHGDVVHSDUDWHEUDQFKHVSDUWRIWKHLUEDVHZLOOEHLQWKHSDUHQW
VHJPHQW EHFDXVH D VLQJOH FRYHU VHW LV ODUJHU WKDQ WKH EUDQFK VL]H VR LQFOXGLQJ ERWK
SDUHQWDQGFKLOGSDUWV%UDQFKHVPXFKVPDOOHUWKDQGFPD\QRWEHUHFRJQLVHGDWDOODQG
LQFOXGHG LQ WKHLU SDUHQW EUDQFKHV 7KLVZLOO WHQG WR FDXVH VXFK SDUHQW EUDQFKHV WR EH
PXFK WKLFNHU WKDQ WKH\ RXJKW WR EH 7KLV LV DOVR HYLGHQW LQ WKH EUDQFK YROXPH
GLVWULEXWLRQV ZKHUH SHDN YROXPH RI EUDQFKHV LV VKLIWHG LQWR ODUJHU EUDQFKHV ZLWK
LQFUHDVLQJ GF )RU DSSOLFDWLRQV VXFK DV ELRPDVV HVWLPDWLRQ KRZHYHU D VOLJKW
XQGHUHVWLPDWLRQ RI VPDOOHU EUDQFKHV ZLOO KDYH OLWWOH LPSDFW SDUWLFXODUO\ LI WKH WRWDO
YROXPHLVUHWULHYHGDFFXUDWHO\DVVXJJHVWHGKHUH
,QFRQFOXVLRQZHKDYHXVHG'PRGHOWUHHVFRPELQHGZLWK0&57VLPXODWLRQWR
JHQHUDWH 7/6 SRLQW FORXGV ZLWK SUHFLVHO\ NQRZQ WUHH VWUXFWXUH DQG 7/6 LQVWUXPHQW
FKDUDFWHULVWLFV :H KDYH GHPRQVWUDWHG WKH DSSOLFDWLRQ RI D QHZ ' WUHH VWUXFWXUH
UHFRQVWUXFWLRQ PHWKRG FDQ VXFFHVVIXOO\ UHFRQVWUXFW WKH RULJLQDO ' WUHH LQIRUPDWLRQ
YHU\ZHOOZLWKFHUWDLQFRQVWUDLQWVSDUWLFXODUO\WKHFKRLFHRIGFWKHVL]HRIWKHFRYHUVHW
5HVXOWVDUHSUHVHQWHGIRUDVLQJOHLVRODWHGWUHHRQO\EXWWKHVDPHDSSURDFKFDQEHXVHG
WR H[DPLQH WKH REVFXUDWLRQ HIIHFW LQ D VWDQG RI WUHHV:H DUH FXUUHQWO\ FDUU\LQJ RXW
VLPXODWLRQVH[SORULQJPXOWLSOH WUHHVRIGLIIHUHQW VL]HDQGVWUXFWXUHERWK VLQJO\DQG LQ
VWDQGV
' UHFRQVWUXFWLRQ IURP 7/6 KROGV PXFK SURPLVH IRU UDSLG UHSHDWDEOH
PHDVXUHPHQWVRIWUHHVWUXFWXUHIRUDUDQJHRIDSSOLFDWLRQVEXWWKHGLIILFXOW\KDVDOZD\V
EHHQ TXDQWLI\LQJ KRZ JRRG WKH UHVXOWLQJ UHFRQVWUXFWLRQV DUH DQG KRZ VHQVLWLYH WKH
PHWKRGV DUH WR SDUWLFXODU LQVWUXPHQW FKDUDFWHULVWLFV DQG H[SHULPHQWDO OLPLWDWLRQV:H
VKRZWKDWWKHDSSURDFKRIXVLQJNQRZQVWUXFWXUHDQGFRQWUROODEOHLQVWUXPHQWSURSHUWLHV
LVLGHDOO\VXLWHGWRSUHFLVHTXDQWLILDEOHWHVWLQJRI7/6UHFRQVWUXFWLRQPHWKRGV

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Abstract  
Carbon storage in forest aboveground biomass is a critical, yet difficult, component of the global 
carbon cycle to estimate. Recent attempts to measure forest height, an indicator of site carbon 
storage, over large areas have relied on empirical relationships between globally available spatial 
layers and field measured heights. At the global level, moderate spatial resolution optical imagery 
(pixels > 100m) often can provide the spectral and spatial coverage to extrapolate canopy heights, 
while estimates of canopy heights themselves can be derived from the Geoscience Laser Altimeter 
System (GLAS) aboard the Ice, Cloud and land Elevation Satellite (ICESat). In this paper, we 
investigate the nature of differences between two published ICESat-derived products that estimate 
canopy height globally by comparing these products to measurements of height from small-
footprint airborne Light Detection and Ranging (Lidar) data across Canada’s forested ecozones. The 
first map of forest height, produced by Lefsky (2010), extrapolates GLAS derived heights using 
spectral data from the MODerate resolution Imaging Spectrometer (MODIS), while the second 
map, produced by Simard et al. (2011), extrapolates GLAS derived heights using climatic and 
additional ancillary variables. In 2010, the Canadian Forest Service (CFS) collected transects 
totaling over 25,000 km of small-footprint discrete return LiDAR data across boreal Canada, 
providing an opportunity to explore the patterns of differences. Results suggest that Lidar derived 
stand heights (95th height percentile) are more strongly correlated to forest height estimates from 
Simard et al. (2011, R2 = 0.49) than to those from Lefsky (2010, R2 = 0.14) at the ecodistrict level 
in Canada. Lefsky (2010) predicted taller canopy heights in most Boreal Cordillera ecodistricts than 
the small-footprint LiDAR while Simard et al. (2011) did not capture the spatial variations in height 
within the Taiga Plains. Discrepancies between the published heights maps in the Boreal Cordillera, 
Pacific Maritime and the Montane Cordillera reveal the influence that processing and extrapolation 
techniques can have on height estimates. Both heights maps appeared less able to predict height 
over sloped terrain. Investigating the relationship between small-footprint Lidar data and published 
forest height products can identify approaches that lead to more accurate estimates of aboveground 
biomass and can help determine why discrepancies exists in forest height estimates between various 
approaches, data, modeling, and underlying environmental conditions.  
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1 Introduction 
Forests are an integral component of the global carbon (C) cycle, with terrestrial C uptake estimated 
at 1.0 ± 0.6 Gt yr-1 during the 1990’s and 0.9 ± 0.6 Gt yr-1 between 2000-2005 (Denman et al. 2007). 
Projected changes in forest productivity (Boisvenue and Running 2006), disturbance regimes 
(Flannigan et al. 2005) and land conversion are expected to have a significant impact on carbon 
sequestration and storage in forest ecosystems (Le Quéré et al. 2009). As forests currently represent 
a large sink of anthropogenic carbon dioxide emissions (Denman et al. 2007), modeling changes in 
forest C dynamics is a critical component to forecasting future climate (Houghton et al. 2009). 
Modeling forest C dynamics into the future requires an accurate characterization of current 
carbon storage in forest ecosystems. As changes in carbon storage will not be uniform globally an 
understanding of the spatial patterns of above-ground biomass (AGB) in forests is necessary to 
accurately parameterize carbon models (Houghton et al. 2009).  The cost and time constraints of 
field-based measurements prevent the characterization of AGB over large areas through field 
studies alone (Gillis et al. 2005; Wulder et al. 2007; Masek et al. 2011). While capable of 
monitoring vegetation over continental to global scales, optical remote sensing is not well suited for 
capturing the vertical structure of vegetation, limiting its utility for characterizing AGB (Goetz and 
Dubayah 2011). Light Detection and Ranging (Lidar), on the other hand, can measure vertical 
structure of vegetation (Lefsky et al. 1999; Dubayah and Drake 2000), but cannot achieve the 
continental and global coverage of optical sensors. 
 The Geoscience Laser Altimeter System (GLAS) aboard the Ice, Cloud and land Elevation 
Satellite (ICESat) collected waveform Lidar data globally from 2003 to 2009.  GLAS laser 
footprints are ~65 m in diameter and separated by 172 m along track with an 8- or 91-day repeat 
cycle (Zwally et al. 2002), providing a sample of forest structure over the globe during the 7 year 
mission. Two recent programs to provide wall-to-wall estimates of canopy height, a key indicator of 
AGB, have relied on extrapolating GLAS derived canopy heights through empirical relationships 
with globally available spatial layers (Lefsky 2010; Simard et al. 2011). Lefsky (2010) extrapolated 
GLAS derived heights using segmented spectral data and land cover classifications from the 
Moderate Resolution Imaging Spectrometer (MODIS), with segments ranging in size from 1 to 900 
pixels (0.25-225 km2). Simard et al. (2011) extrapolated GLAS derived heights using climate, 
elevation, MODIS tree cover and protection status layers at a consistent spatial resolution of 1-km. 
As GLAS derived height products can complement field-based inventories and provide valuable 
information on carbon storage in forests, the accuracy of these products and the errors they will 
introduce to carbon models must be further assessed and better understood.   
In this analysis, we compare and contrast the GLAS derived height maps produced by 
Lefsky (2010) and Simard et al. (2011) over the forested ecozones of Canada. We compare the 
height maps against airborne Lidar data collected by the Canadian Forest Service (CFS) in 2010 in 
order to investigate map accuracy and gain an improved understanding of the conditions that lead to 
agreement and disagreement between the GLAS derived products. The findings are intended to 
inform the interpretations of information generated from these height products as well as providing 
insights for the generation of future large area height products with lidar, models, and remotely 
sensed data.  
2 Methods  
2.1 Study Area 
Canada’s forests occupy an area of approximately 400 million hectares that represents over 53% of 
the land area of Canada (Natural Resources Canada 2011) and forms ~10% of the world’s total 
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forested area. Canadian forests occupy a wide range of climatic, topographic and soil conditions, 
ranging from highly productive temperate rainforests forests in British Columbia to smaller trees in 
slower growing forests in the more northern boreal (Ecological Stratitification Working Group 
1995). The ability to characterize spatial variations in forest height across this range of conditions is 
critical to accurate predict current carbon storage in AGB. Figure 1 displays the forested ecozones 
of Canada, as defined by the Ecological Stratification Working Group (1995). The ecozones are 
further divided into ecoregions and ecodistricts, with ecodistricts representing the finest scale 
division of geomorphology, soil, vegetation and climate characteristics (Ecological Stratitification 
Working Group 1995). As we are interested in the ability of GLAS derived height products to 
capture spatial variations in canopy height, we compare and contrast height estimates at the 
ecodistrict and ecozone level across Canada.  
2.2 Data 
The global GLAS derived height maps produced by Lefsky (2010) and Simard et al. (2011) 
are both freely available online at a spatial resolution of 500 m and 1 km, respectively. Both height 
maps were averaged from the pixel to the ecodistrict level across Canada. Ecodistricts containing 
fewer than 1,000 ha of height estimates for each map (10 pixels for Simard et al., 40 pixels for 
Lefsky), were removed.  
To investigate map accuracy and the conditions that lead to agreement and disagreement 
between these heights products, several additional data sources were acquired. In the summer of 
2010, 34 transects of small-footprint airborne Lidar data were collected by the CFS, totaling nearly 
25,000 km in length and spanning from Newfoundland in the east to the Yukon in the west (Figure 
1). The data were collected between the altitudes of 450 and 1900 m using an Optech ALTM 3100 
discrete return sensor, with a pulse repetition frequency of 70 kHz and a fixed scan angle of 15° for 
the majority of transects (Wulder et al. in press). The transects were partitioned into 25 by 25 m 
plots and a suite of forest relevant metrics was generated for each plot using FUSION, a freely 
available software package for Lidar data processing developed by the USDA Forest Service  
(McGaughey, 2012). By summarizing the distribution and density of Lidar returns, these metrics 
provide a set of variables describing the three-dimensional structure of each plot. Height 
percentiles, which describe the cumulative distribution of Lidar returns, are strong predictors of 
forest attributes such as mean or dominant tree height. As physical or atmospheric anomalies can 
influence the 99th height percentile or maximum return height (Magnussen and Boudewyn 1998; 
Kane et al. 2010), the 95th height percentile was selected as an estimate of canopy height to 
compare against the GLAS derived height products in this analysis. The CFS assigned each Lidar 
plot with a land cover class, according to the 25-m resolution Earth Observation for Sustainable 
Development of Forests (EOSD) land cover classification (Wulder et al. 2008). Lidar metrics for all 
plots classified as forest by the EOSD were selected and averaged to the ecodistrict level for 
comparison against the GLAS derived height products.   
As the accuracy of GLAS derived heights has been shown to be less reliable on sloped terrain 
(Duncanson et al. 2010; Xing et al. 2010; Pang et al. 2011), we assessed the effect of terrain on 
height estimates using data from the Shuttle Radar Topography Mission (SRTM) digital elevation 
model, which was produced near-globally at 90 m spatial resolution (Rabus et al. 2003). Terrain 
roughness was calculated for each ecodistrict as the standard deviation of all 90m SRTM pixels 
within the ecodistrict. 
2.3 Comparison of GLAS derived height products 
To investigate the agreement between the Lefsky (2010) and Simard et al. (2011) height products, 
the ecodistrict average heights were grouped according to ecozone and displayed as boxplots. Large 
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discrepancies at the ecozone level could signify a misrepresentation of certain forest conditions 
within the canopy height products. A linear regression was also performed between the height 
products at the ecodistrict level.  
 The height products were then compared against the 95th height percentile from the airborne 
Lidar data. To allow ecodistrict averages to correspond to the Lidar coverage, pixels that intersected 
the Lidar transects were identified for each height map and used to recalculate the ecodistrict 
averages. Linear regressions were then performed between the 95th height percentile and the height 
predictions at the ecodistrict level. Ecodistrict height difference was also calculated for each 
ecodistrict as: 
 !!!!!!! "#$ℎ!! "##$%$&'$! = !"!"#! − !"#$%!"!!!      (1) 
 
where !"!"#!  is the height prediction and !"#$%!"!!! is the 95th height percentile for the ith 
ecodistrict. The ecodistrict height differences were grouped into terrain roughness classes (i.e., 
standard deviation of elevation) to investigate the effect of slope on the accuracy of GLAS derived 
 
Figure 1:  Map displaying the 10 forested ecozones of Canada and the ecodistrict subdivisions, along with 
 flight path of the CFS Lidar transects!
SilviLaser 2012, Sept. 16-19 September 2012- Vancouver, Canada 
5 
!
height predictions. Boxplots were produced to display the height differences for each map product 
across the terrain roughness groups.   
2.4 Investigating differences in biomass estimates  
To explore the translation of differences in the GLAS derived height products to differences in 
carbon storage estimates, we calculated estimates of AGB for Picea glauca (white spruce), a 
common boreal species in Canada, from the ecodistrict height predictions. AGB can be estimated 
from tree height and diameter at breast height (DBH) using species-specific allometric equations. 
DBH was estimated for each ecodistrict using a Chapman-Richards model developed by Peng et al. 
(2001) that relates height and DBH for white spruce in Ontario boreal forests:  
 !!!!!!!! "#! = − !"! !! !!!!.!!! ! ! !!!!!!!!!! = 27.3476!!!!!!! = 0.0469!!!!!!! = 1.4360      (2) 
 
where DBHi and Hi are the DBH and height estimates for the ith ecodistrict. Height values were 
again averaged to the ecodistrict level using only pixels that intersected the Lidar transects. The 
Lefsky (2010) height estimate for a Boreal Cordillera ecodistrict (32.9 m) was outside of the 
predictable range of the DBH/height model and was set to a height of 30.78 m and a DBH of 56.30 
cm, the maximum white spruce dimensions used by Peng et al. (2001) in model development. The 
estimated DBH for an additional Lefsky (2010) ecodistrict in the Boreal Cordillera was outside of 
this range (65.30 cm) and was also set to 56.30 cm. Once DBH was derived for each ecodistrict, 
biomass components were calculated from the height and DBH values using allometric equations 
developed by Ung et al. ( 2008) for white spruce in Canada. Wood, bark, branch and foliage 
biomass components were summed for each ecodistrict to derive tree-level AGB estimates for white 
spruce. The same processing routine was applied to derive an AGB estimate from the 95th height 
percentile, and the following equation was applied to calculate the percent differences in AGB for 
each ecodistrict: 
 !"#$"%&! "##$%$&'$! = ! !!"!"#!!!"#!!"#$%!!!!!"#!"#$%! ∗ 100    (3) 
 
where !"#!"#! is the AGB estimate derived from each height map and !"#!!"#$%!! is the AGB 
estimate derived from the airborne Lidar data for the ith ecodistrict .  The percent difference for 
each ecodistrict was grouped according to ecozone and displayed as a boxplot to investigate how 
height prediction differences could influence AGB estimates across ecozones.   
3 Results 
Figure 2 compares ecodistrict averages for the GLAS derived height products grouped according to 
ecozone. The height maps strongly agree in the Taiga Plains, Taiga Shield East, Boreal Shield East 
and West, Boreal Plains and Hudson Plains. Simard et al. (2011) had markedly higher height 
estimates in the Atlantic Maritime and Taiga Cordillera, while Lefsky (2010) had higher estimates 
in the Taiga Shield West, Boreal Cordillera, Pacific Maritime and Montane Cordillera. Height 
predictions for both maps were highest in the Pacific Maritime and Montane Cordillera and lowest 
in the Hudson Plains. Figure 3 displays the correlation at the ecodistrict level between a) the height 
products b) Lefsky (2010) and Lidar derived 95th height percentile and c) Simard et al. (2011) and 
Lidar derived 95th height percentile. The strongest correlation occurred between the height products  
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Figure 2:  Ecodistrict average heights for Lefsky (2010) and Simard et al. (2011), grouped according to  
Ecozone. The number above each bin corresponds to the number of sampled ecodistricts with each ecozone. 
!
           Figure 3: Relationships between a) Lefsky (2010) and Simard et al. (2011) b) Lefsky (2010) and the 95th height 
        percentile from airborne Lidar c) Simard et al. (2011) and the 95th height percentile from airborne Lidar 
!
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 (R2 = 0.51), with the higher predictions for Lefsky (2010) apparent in the Boreal Cordillera, 
Montane Cordillera and the Pacific Maritime. Simard et al. (2011) had a stronger correlation to the 
95th Lidar height percentile (R2 = 0.49) than Lefsky (2010, R2 = 0.14). The Lefsky (2010) map did 
predict taller canopies in most Boreal Cordillera ecodistricts when compared to the airborne Lidar 
data. Simard et al. (2011) also predicted taller canopies in most Boreal Cordillera ecodistricts, but to 
a lesser degree than Lefsky (2010). Simard et al. (2011) was less able to predict variation in height 
within the Taiga Plains than Lefsky (2010).  
 The height differences in relation to the 95th height percentile are displayed in Figure 4, 
with ecodistricts grouped according to terrain roughness (i.e., the standard deviation of elevation). 
The maps agree well with the airborne Lidar data when the standard deviation of elevation is low. 
When the standard deviation of elevation increases (i.e., more sloped terrain), both maps predict 
taller canopies than are predicted with airborne Lidar. The effect of terrain on height predictions 
appears to be greatest in the Lefsky (2010) map. 
Figure 5 displays the percent difference for estimating white spruce AGB from each height 
product in comparison to estimates derived from the 95th height percentile. Only ecozones that 
contain more than 10 sampled ecodistricts were included in this analysis. AGB estimates had the 
strongest agreement in the Boreal Shield West and the Boreal Plains, while AGB estimates were 
higher in the Boreal Cordillera, most significantly by Lefsky (2010). For Lefsky (2010), the two 
ecodistricts in the Boreal Cordillera that were outside of the predictable range for the height/DBH 
relationships had > 30% difference for predicting AGB. Lefsky (2010) also predicted higher AGB 
in the Boreal Shield East while Simard et al. (2011) predicted higher AGB in the Taiga Plains. With 
the exception of the Lefsky (2010) AGB estimates for the Boreal Cordillera, the mean percent 
difference for AGB predictions was < 2% for all ecozones.  
!
       Figure 4:  Ecodistrict height difference for a) Lefsky (2010) and b) Simard et al. (2011). Ecodistricts are grouped 
by the standard deviation of elevation within each ecodistrict 
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4 Discussion 
Comparing GLAS derived canopy height products to height measurements from airborne Lidar data 
allows the assessment of the usefulness of GLAS data for predicting canopy height at the ecozone 
and ecodistrict level in Canada. While globally distributed, GLAS does not provide spatially 
exhaustive coverage, as such accurate methods of extrapolation are necessary to produce wall-to-
wall global height maps from GLAS data. Large discrepancies between the Lefsky (2010) and 
Simard et al. (2011) height maps in the Pacific Maritime, Montane Cordillera and Boreal Cordillera 
highlight the influence that processing and extrapolation techniques can have on GLAS derived 
height predictions and carbon storage estimates. The stronger relationship between Simard et al. 
(2011) and Lidar derived heights as compared to Lefsky (2010) suggests that climate and ancillary 
indicators have some added value for extrapolating GLAS data across Canada. Alternatively, 
MODIS spectral data does appear more sensitive to variations in height in the Taiga Plains than the 
indicators used by Simard et al. (2011), as the Simard et al. (2011) height predictions do not capture 
the height variability observed with airborne Lidar. As differences in the methodologies used by 
Lefsky (2010) and Simard et al. (2011) extend beyond the chosen indicators, differences in 
accuracy should not be entirely attributed to the suitability of these indicators. The segment based 
!
Figure 5: Ecodistrict percent difference for predicting AGB with height estimates for Lefsky (2010) and 
Simard et al. (2011), grouped by ecozone 
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approach applied by Lefsky will also result in an amplification of particular values, as the same 
height will be applied to a particular segment, with greater opportunity for variation in pixel-based 
products, such as from Simard.  
Research shows that the ability to estimate forest height with GLAS decreases as terrain 
slope within the laser footprint increases (Duncanson et al. 2010; Xing et al. 2010; Pang et al. 
2011). As the slope within a laser footprint increases, the vertical range of the Lidar waveform 
increases, which can cause an overestimation of canopy height from the waveform (Lefsky et al. 
2005). This provides an explanation for why both height maps predicted taller canopies when the 
standard deviation of elevation is large within an ecodistrict. The larger effect of slope on Lefsky 
(2010) height predictions is likely the reason for the discrepancies between the Lefsky (2010) and 
Simard et al. (2011) in the mountainous regions of the Pacific Maritime, the Boreal Cordillera and 
the Montane Cordillera. 
The translation of error from GLAS derived height products to estimates of AGB is of 
particular interest for carbon modeling activities. Carbon storage in forest AGB is a product of three 
fundamental forest attributes: tree height, DBH, and stem density. The Lefsky (2010) and Simard et 
al. (2011) height maps predict only one of these fundamental attributes, but represent a potential 
large source of error for estimating carbon budgets. We have shown that the height differences in 
the GLAS derived products translate to small differences in AGB at the ecozone scale, with the 
exception of the Boreal Cordillera. The taller canopies that were predicted using the Lefsky (2010) 
product in the Boreal Cordillera in relation to the airborne Lidar data could lead to an AGB 
difference of ~5%  across the ecozone.  
5 Conclusion 
The GLAS derived height products were able to characterize forest height within most Canadian 
ecozones while they had variable success at the finer scale ecodistrict level.!The Simard et al. 
(2011) height product had a stronger correlation to the 95th height percentile from airborne Lidar at 
the ecodistrict level, while Lefsky (2010) predicted taller canopies than airborne Lidar in most 
Boreal Cordillera ecodistricts. From the stand point of carbon modeling, we must determine if 
accurate estimates of height and AGB at the ecozone scale are sufficient for modeling activities or if 
finer scale variations are required. For instance, if management activities vary spatially within an 
ecozone (i.e. more management in the south portion of the ecozone), understanding the within 
ecozone variations in height and AGB may be necessary to accurately model forest C dynamics. 
Large discrepancies between the two GLAS derived height products in the Boreal Cordillera, 
Pacific Maritime and Montane Cordillera reveal the impact that processing and extrapolation 
techniques have on the final height estimates, which would translate to potentially large differences 
in AGB estimates for carbon models. Despite differences in processing techniques, both GLAS 
derived height predictions predict taller canopies than airborne Lidar over sloped terrain. While 
these current analyses are constrained to the ecozone level, we plan future work at spatial resolution 
of each global height product, through custom generalization of the lidar data.   
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'HPRQVWUDWLRQVRID6XFFHVVIXO/L'$5%XVLQHVV&DVH± 
&RQFHSWLRQWR5HDOLW\

7RQ\%URZQ
0LNH6XWWRQ

)RUHVWV16:$XVWUDOLDWRQ\EURZQ#VIQVZJRYDX 
)RUHVWV16:$XVWUDOLDPLNHVXWWRQ#VIQVZJRYDX

3DSHU1XPEHU  6/

$EVWUDFW
,Q D FKDOOHQJLQJ EXVLQHVV HQYLURQPHQW ZLWK SUHVVXUHV WR PDLQWDLQ VHUYLFH ZLWK OHVV VWDII
LPSURYLQJ VDIHW\ DQG ORZHULQJ FRVWV )RUHVWV 16: )16: IDFHG D FKDOOHQJH WR SURGXFH D
ILQDQFLDOO\VRXQGEXVLQHVVFDVHWRFDSWXUHDHULDO/L'$5RYHUODUJHDUHDVRIFRPPHUFLDOQDWLYH
IRUHVW  (DUO\ UHVHDUFKZRUN WZRH[WHUQDOO\ IXQGHG/L'$5FDPSDLJQV DQG ODUJH YROXPHVRI
IUHHGDWDVXSSOLHGE\ORFDOJRYHUQPHQWSURYLGHGWKHFDWDO\VWIRUEXLOGLQJWKHEXVLQHVVFDVH
)16:XQGHUWDNHV WLPEHU KDUYHVWLQJ XQGHU D FRPSOH[ DQG FRVWO\ UHJXODWRU\ UHJLPHZLWKLQ D
KLJKO\ YDULDEOH QDWLYH IRUHVW HVWDWH XQGHU KLJK OHYHOV RI H[WHUQDO VFUXWLQ\  7R FRQVWUXFW D
ILQDQFLDOO\ DWWUDFWLYH EXVLQHVV FDVH IRU /L'$5 DFTXLVLWLRQ )16: QHHGHG WR IRFXV RQ DUHDV
ZKHUH VLJQLILFDQW ILQDQFLDO VDYLQJV FRXOG EH TXLFNO\ UHDOLVHG ± WKH REYLRXV FDQGLGDWH EHLQJ
UHGXFWLRQLQWKHDPRXQWRIILHOGZRUN
,QODUJHSDUWFXUUHQWUHJXODWLRQUHTXLUHVRSHUDWLRQDOPDQDJHPHQWRIZDWHUFRXUVHVDVPDSSHGRQ
SXEOLVKHG WRSRJUDSKLFPDSV UDWKHU WKDQ DV IRXQG RQ JURXQG  7UDGLWLRQDOO\ )16:PDUN DOO
VWUHDPEXIIHUVZLWKSDLQWDVORZDQGH[SHQVLYHSURFHVV  8VLQJ/L'$5GHULYHGVWUHDPVDQG
DSSO\LQJFXUUHQWUHJXODWRU\FRQVWUDLQWVWR*,6IHDWXUHVVWUHDPVLGHUHVHUYHVZLWKEXIIHUZLGWKV
JUHDWHU WKDQ P DUH QRZ µPDUNHG¶ E\ KDQG KHOG *36 ORFDWHG LQ KDUYHVWLQJ PDFKLQHV 
7KURXJK XVH RI /L'$5 DQG LQKDUYHVWHU *36 VLJQLILFDQW ILQDQFLDO VDYLQJV DUH FRQVLVWHQWO\
GHPRQVWUDWHG RQ HYHU\ KDUYHVWLQJ RSHUDWLRQ ,Q DGGLWLRQ WR HIILFLHQF\ JDLQV IURP VWUHDP
QHWZRUN PDSSLQJ LPSURYHPHQWV LQ TXDQWLI\LQJ YROXPH DQG LGHQWLI\LQJ WKH ORFDWLRQ RI
FRPPHUFLDOTXDQWLWLHVRIUHVRXUFHKDYHDOVREHHQDFKLHYHGE\XVLQJ/L'$5GHULYHGSURGXFWV
8VLQJ EDVLF '70 SURGXFWV VXFK DV VWUHDPV VORSHV DQG VKDGHG UHOLHI DV ZHOO DV '60 GDWD
LQFOXGLQJ FDQRS\ KHLJKW PRGHOV DQG D ORFDOO\ GHULYHG YHJHWDWLRQ VWUDWLILFDWLRQ VLJQLILFDQW
VDYLQJVKDYHEHHQGHPRQVWUDWHGLQRSHUDWLRQDOSODQQLQJ  ,PSURYHGSURGXFWYROXPHHVWLPDWHV
EHWWHU FRQWUDFWRU VFKHGXOLQJ TXLFNHU SODQQLQJ WLPHV LPSURYHG URDG SODQQLQJ WKURXJK EHWWHU
UHVRXUFHDQGWHUUDLQNQRZOHGJHLPSURYHGVDIHW\RXWFRPHVDQGLQIRUPHGWDUJHWHGILHOGZRUNDOO
FRQWULEXWH WR VLJQLILFDQWO\ PRUH LQIRUPHG DQG LPSURYHG KDUYHVW SODQV DQG RSHUDWLRQDO
PDQDJHPHQW
,Q EXLOGLQJ DQ/L'$5 DFTXLVLWLRQ EXVLQHVV FDVH )16: IRFXVHG RQ DUHDV RI KLJK FRVWZKLFK
FRXOG EH VLJQLILFDQWO\ UHGXFHG WKURXJK DSSOLFDWLRQ RI /L'$5 $FTXLVLWLRQ FRVWV KDYH EHHQ
UHFRXSHG ZHOO DKHDG RI IRUHFDVW VFKHGXOH IXUWKHU LPSURYLQJ DQ RULJLQDOO\ DWWUDFWLYH 139 
)LHOGZRUNLVH[SHQVLYHDQGRIWHQXQVDIHKRZHYHUXVLQJVLPSOHGHULYHGSURGXFWVOLNHVWUHDPV
VORSH DQG VKDGHG UHOLHI FRVWV FDQ EH VLJQLILFDQWO\ UHGXFHG ZKLOH DOVR LPSURYLQJ VDIHW\
SHUIRUPDQFH  )XUWKHU UHILQHPHQW RI UHVHDUFK UHVXOWV LV QRW QHFHVVDULO\ WKH RQO\ ZD\ WR
GHPRQVWUDWH WKH EHQHILWV RI /L'$5 $ VRXQG EXVLQHVV FDVH EDFNHG XS E\ LQILHOG WHVWLQJ
RSHUDWRU IHHGEDFN DQG ORFDO DGDSWDWLRQ WR ORFDO FRQGLWLRQV FDQ SURYLGH HYLGHQFH QHHGHG WR
MXVWLI\ZKDW DUH VWLOO KLJK OHYHO FRVWV UHTXLUHG WR LPSOHPHQW /L'$5 DW WKH RSHUDWLRQDO VFDOH  
7KHFDVHIRU/L'$5FDQEHIXUWKHUHQKDQFHGE\XVLQJLWLQDVPDQ\SDUWVRIWKHRUJDQLVDWLRQDV
SRVVLEOH GHPRQVWUDWLQJ LWV HIIHFWLYHQHVV DQG FRQWLQXDOO\ LPSURYLQJ WKH UHWXUQ RQ WKH LQLWLDO
FDSLWDO LQYHVWPHQW WKRXJK RSHUDWLRQVGULYHQ SURGXFW GHYHORSPHQW )XWXUH FKDOOHQJHV WR WKH
RSHUDWLRQDO XVH RI /L'$5 LQFOXGH LGHQWLI\LQJ FRVWHIIHFWLYH DSSURDFKHV IRU NHHSLQJ GDWDVHWV
FXUUHQW 
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,QWURGXFWLRQ

,QDFKDOOHQJLQJEXVLQHVVHQYLURQPHQWZLWKSUHVVXUHVWRPDLQWDLQVHUYLFHOHYHOVXVLQJOHVVVWDII
ZKLOHDWWKHVDPHWLPHLPSURYLQJVDIHW\DQGORZHULQJFRVWV)RUHVWV1HZ6RXWK:DOHV)16:
IDFHG D FKDOOHQJH WR SURGXFH D ILQDQFLDOO\ VRXQG EXVLQHVV FDVH WR FDSWXUH /L'$5RYHU ODUJH
DUHDV RI FRPPHUFLDO QDWLYH IRUHVW  'HVSLWH SURPLVLQJ UHVXOWV IURP VLJQLILFDQW UHVHDUFKZRUN
LGHQWLI\LQJ WKH SRWHQWLDO EHQHILWV RI XVLQJ /L'$5 GDWD IRU RSHUDWLRQDO IRUHVW PDQDJHPHQW
VHQLRUPDQDJHPHQWZHUH UHOXFWDQW WR DSSURYH VSHQGLQJRQ /L'$5GDWDZLWKRXW D ILQDQFLDOO\
VRXQGGHWDLOHGEXVLQHVVFDVH  7RGDWHWKHUHKDVEHHQOLWWOHSXEOLVKHGPDWHULDORQSUHSDUDWLRQ
RIVXFKEXVLQHVVFDVHVIRUODUJHVFDOHHFRQRPLFDOO\MXVWLILHG/L'$5FDPSDLJQVIRURSHUDWLRQDO
IRUHVWPDQDJHPHQW  

7KH ILUVW DSSOLFDWLRQ RI /L'$5 DW DQ RSHUDWLRQDO VFDOH E\ )16:RFFXUUHG IROORZLQJ D ODUJH
LQYHVWLJDWLRQ LQWR IRUHVWPDQDJHPHQW DQG FRQVHUYDWLRQ WHQXUH LQ )16::HVWHUQ5HJLRQ$V
SDUWRIWKLVSURFHVVH[WHUQDOIXQGLQJZDVPDGHDYDLODEOHWRLGHQWLI\DUHDVVXLWDEOHIRU\RXQJDJH
VLOYLFXOWXUH LQ :KLWH &\SUHVV 3LQH Callitris glaucophylla  7KURXJK DQ LQWHUQDO SURFHVV
/L'$5HPHUJHGDVWKHWRRORIFKRLFHIRUWKLVSURFHVVZLWKDODUJHFDSWXUHFDPSDLJQLQLWLDWHGLQ
 IRU  KD RI QDWLYH IRUHVW HVWDWH  )ROORZLQJ VXFFHVVIXO DSSOLFDWLRQ RI WKLV
WHFKQRORJ\DVDQRSHUDWLRQDO WRRO LQ:HVWHUQ5HJLRQFRDVWDO UHJLRQVRI)16:EHJDQ WR VHHN
DFFHVV WR WKLV WHFKQRORJ\/L'$5GDWDZDVVRXUFHG IURPH[LVWLQJ ORFDOGDWDVHWVZLWK/L'$5
GDWDSURYLGHGE\ORFDOJRYHUQPHQWDJHQFLHVIXUWKHUFRQWULEXWLQJWRRSHUDWLRQDOWHVWLQJRIODUJH
VFDOHRSHUDWLRQDO/L'$5GDWDLQ)16:&HQWUDOUHJLRQ

)16:XQGHUWDNHV WLPEHU KDUYHVWLQJ XQGHU D FRPSOH[ DQG FRVWO\ UHJXODWRU\ UHJLPHZLWKLQ D
KLJKO\ YDULDEOH QDWLYH IRUHVW HVWDWH XQGHU KLJK OHYHOV RI H[WHUQDO VFUXWLQ\  7R FRQVWUXFW D
ILQDQFLDOO\ DWWUDFWLYH EXVLQHVV FDVH IRU /L'$5 DFTXLVLWLRQ )16: QHHGHG WR IRFXV RQ DUHDV
ZKHUHVLJQLILFDQWILQDQFLDOVDYLQJVFRXOGEHTXLFNO\UHDOLVHG±ZLWKWKHREYLRXVFDQGLGDWHEHLQJ
UHGXFWLRQLQWKHDPRXQWRIILHOGZRUN  2SSRUWXQLWLHVWRUHGXFHILHOGZRUNWKURXJKRSHUDWLRQDO
HIILFLHQFLHVZHUHWREHLQYHVWLJDWHGZLWKERWKJURXQGDQGQRQJURXQGGDWDWDUJHWHGWRLGHQWLI\
DUHDV RI VLJQLILFDQW VDYLQJV IURP ZKLFK )16: ZRXOG EH DEOH WR FRQVWUXFW D ILQDQFLDOO\
DWWUDFWLYHDQGRSHUDWLRQDOO\ VRXQGEXVLQHVVFDVH IRU LQWHUQDOO\ IXQGHG/L'$5FDSWXUHRYHU LWV
FRDVWDOQDWLYHIRUHVWHVWDWH

0HWKRG 

7KH FKDOOHQJH IDFLQJ )16: ZDV WR GHPRQVWUDWH DQ LPSURYHPHQW LQ WKH HIILFLHQF\ RI
RSHUDWLRQDO SUDFWLFHVZKLFKZRXOG XOWLPDWHO\ UHVXOW LQ UHGXFHGPDQDJHPHQW FRVWV DQG DW WKH
VDPHWLPHGHOLYHUVLJQLILFDQWLPSURYHPHQWVLQHPSOR\HHVDIHW\  *LYHQWKHVFDOHRIWKHSURMHFW
D UHSOLFDWHG VWXG\ FRPSDULQJ WUDGLWLRQDO SODQQLQJ PHWKRGV ZLWK /L'$5 GHULYHG GDWD DFURVV
VHYHUDORSHUDWLRQDOPDQDJHPHQWDUHDVZDVQRWIHDVLEOH  5DWKHUDEXVLQHVVFDVHZDVSUHSDUHG
XVLQJ HVWLPDWHV RI SRWHQWLDO SODQQLQJ DQG VXSHUYLVLRQ VDYLQJV DQG HIILFLHQFLHV PDGH E\
H[SHULHQFHGIRUHVWU\VWDII 

$W WKH WLPH RI EXVLQHVV FDVH GHYHORSPHQW )16: ZDV XQGHUJRLQJ VXEVWDQWLDO UHVWUXFWXULQJ
ZLWKLQ WKH QDWLYH IRUHVWZRUNIRUFH ,QLWLDO HVWLPDWHV DURXQG WLPH VDYLQJV OLNHO\ WR EH UHDOLVHG
DIWHU/L'$5LPSOHPHQWDWLRQZHUHUHIOHFWHGLQVLJQLILFDQWO\ORZHUVWDIIQXPEHUVLQNH\SRVLWLRQV
DIWHUWKHUHVWUXFWXUHDQGDUHGHWDLOHGLQ7DEOH  7KHUHZDVQRFRUUHVSRQGLQJUHGXFWLRQLQWKH
SODQQLQJRUVXSHUYLVLRQZRUNORDG,QIDFWDVDUHVXOWRIPDUNHWFRQGLWLRQVORZHUWKDQDYHUDJH
\LHOGVKDDQGKLJKHUWKDQXVXDORFFXUUHQFHVRIZHWZHDWKHU WKHQXPEHURISODQVUHTXLUHGDQG
WKH QXPEHU RI FRQWUDFWRUV WR VXSHUYLVH LQFUHDVHG VOLJKWO\ RYHU WKH VXEVHTXHQW  PRQWKV 
7KHUHIRUHWKHXOWLPDWHGHPRQVWUDWLRQRIWKHVXFFHVVRI/L'$5LPSOHPHQWDWLRQZDVEHLQJDEOH
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WRPDLQWDLQEXVLQHVVRSHUDWLRQVZLWKUHGXFHGVWDIIUHVRXUFHVIROORZLQJEXVLQHVVUHVWUXFWXUH

7DEOH3UHDQG3RVW5HVWUXFWXUHVWDIILQJOHYHOV

7HDP 3UH5HVWUXFWXUH6WDIILQJ/HYHOV
3RVW5HVWUXFWXUH
6WDIILQJ/HYHOV
2SHUDWLRQDO3ODQQLQJ  
2SHUDWLRQDO6XSHUYLVLRQ  

'DWDIRUWKH&HQWUDO5HJLRQVWXG\ZHUHSURYLGHGWR)16:DV[\]ILOHVFODVVLILHGDVJURXQGDQG
QRQJURXQGUHWXUQV  7KHJURXQGGDWDKDGEHHQµWKLQQHG¶KRZHYHUQRLQGLFDWLRQRIWKHH[WHQW
RUSURFHVVLQJKDGEHHQJLYHQ  )XUWKHUUHGXFWLRQVLQGDWDVWULNHLQWHQVLW\KDGEHHQUHTXHVWHGE\
WKHORFDOJRYHUQPHQWDJHQFLHVVSRQVRULQJ/L'$5FDSWXUHRYHUQRQXUEDQDUHDVZKLFKW\SLFDOO\
LQFOXGHWKH)16:HVWDWH  1RWZLWKVWDQGLQJWKHVHOLPLWDWLRQVDQGFRJQLVDQWRIWKHLPSDFWVWKH\
PD\ KDYH )16: SURFHVVHG WKH GDWD LQWR P *URXQG 6DPSOH 'LVWDQFH UDVWHUV IRU 'LJLWDO
7HUUDLQ0RGHO'70DQGP'LJLWDO6XUIDFH0RGHO'60XVLQJ(5'$6,PDJLQH7HUUDLQ
3UHSDUDWLRQ VRIWZDUH  7\SLFDO JURXQG UHWXUQV YDULHG VLJQLILFDQWO\ DFURVV WKH GDWDVHWV
DYHUDJLQJDURXQGUHWXUQVSHUVTXDUHPHWUH

3UHOLPLQDU\ LQYHVWLJDWLRQV LQWR /L'$5 GDWD WR DXJPHQW RSHUDWLRQDO SODQQLQJ DQG KDUYHVW
VXSHUYLVLRQSURFHVVHVZHUHXQGHUWDNHQZLWK LQLWLDOSURGXFWVGHWDLOHGLQ7DEOH  $OOGHULYHG
GDWDVHWVDQGVSDWLDOSURGXFWVZHUHSURGXFHGXVLQJ(65,$UF*,6WRROV  )XUWKHULQYHVWLJDWLRQV
LQWR ILHOG LPSOHPHQWDWLRQ RI *OREDO 3RVLWLRQLQJ 6\VWHP *36 XQLWV ZLWKLQ KDUYHVWLQJ
PDFKLQHU\WRPDQDJHRSHUDWLRQDOH[FOXVLRQ]RQHVLQIRUPHGE\/L'$5GHULYHGGDWDVHWVZRXOG
DOVREHFRQGXFWHG

7DEOH,QLWLDO/L'$5GHULYHGGDWDSURYLGHGWRRSHUDWLRQDOVWDIILQFOXGLQJGHOLYHU\IRUPDW

3URGXFW *6'P 'HVFULSWLRQ 'HOLYHU\)RUPDW
6KDGHG
5HOLHI
 0RUQLQJVKDGHGUHOLHIRIJURXQGVXUIDFH 5DVWHUGDWDVHW
6ORSH  'HJUHH VORSH DV FODVVLILHG LQWHJHU WRPHHW RSHUDWLRQDO VORSH
FODVVHV
5DVWHUGDWDVHW
&+0  '60±'(0 5DVWHUGDWDVHW
6WUDWD  ,QWHJUDWLRQRILQSXWVDQDO\VHGRYHU[PZLQGRZ 
&ODVVLILHGPHDQ&+0 
$FRXQWRISL[HOV!P 
2XWSXWFODVVLILHGLQWRµSURGXFWLYLW\¶FODVVHV
5DVWHUGDWDVHW
6WUHDPV  $UF*,6 GHULYHG ' VXUIDFH IORZ DFFXPXODWLRQ WKUHVKROG DW
KDDQGFRQYHUWHGWRSRO\OLQHV
3RO\OLQH

6WXG\DUHD

7KHVWXG\DUHDZDVDVXEVHWRI)16:&HQWUDO5HJLRQDQHVWDWHDUHDRIMXVWRYHUKDRI
WKH0LG1RUWK&RDVWRI1HZ6RXWK:DOHVVHH)LJXUH  0XOWLSOHGDWDVHWVZHUHXVHGZLWKLQ
WKH VWXG\ DUHD DOO RI ZKLFK ZHUH FDSWXUHG E\ WKH +DVWLQJV3RUW0DFTXDULH DQG 7DUHH /RFDO
*RYHUQPHQW DJHQFLHV LQ  WKURXJK H[WHUQDO FRQWUDFW DQG SURYLGHG WR )16: XQGHU D
PLQLPDOUHVWULFWLRQGDWDXVHOLFHQFHDJUHHPHQW  

5HVXOWV

'HVSLWH WKH ORZSRLQW LQWHQVLW\ PRYHU WKH WULDO VLWHZKLFK UHVXOWHG IURP ORZHU FDSWXUH
LQWHQVLWLHVDQGSRLQW WKLQQLQJ)16:VWDIIZHUHYHU\ LPSUHVVHGE\ WKHTXDOLW\RIRXWSXWGDWD 
6KDGHG UHOLHI LPDJHU\ DORQH SURYLGHG SODQQLQJ VWDIIZLWK VLJQLILFDQWO\ LPSURYHG LQIRUPDWLRQ
DERXWSODQQLQJDUHDVDOORZLQJVWDIIWRIRFXVDOOJURXQGZRUNRQDUHDVRINQRZQLVVXHVVXFKDV
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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VWUHDPFURVVLQJVURDGDQGORJGXPSORFDWLRQVUDWKHUWKDQµH[SORULQJ¶DQDUHDRQIRRWRUXVLQJ
DHULDO SKRWRJUDSK\ WR ILQG LVVXHV  %RWK PRUQLQJ DQG HYHQLQJ VKDGHG UHOLHI LPDJHU\ ZHUH
SURGXFHGSURYLGLQJGLIIHUHQWSHUVSHFWLYHVRIWKHJURXQGVXUIDFHWRKLJKOLJKWDOOIHDWXUHV

6ORSHZDVLQLWLDOO\FDOFXODWHGRQDP*URXQG6DPSOH'LVWDQFH*6'VXUIDFHDQGIRXQGWREH
YHU\XVHIXODOWKRXJKSHUKDSVWRRGHWDLOHGIRURSHUDWLRQDOSODQQLQJ6XEVHTXHQWGLVFXVVLRQZLWK
RSHUDWLRQDO VWDII DQDO\VLV RI VORSH SURGXFWV DQG HYDOXDWLRQ RI DOWHUQDWLYH SURFHVVLQJ RSWLRQV
UHVXOWHG LQ D FKDQJH WR D  P *6' UDVWHU ZLWK D [ FHOO IRFDO PHDQ  7KLV SURYLGHG D
VPRRWKHGRXWSXWZKLFKZDV VLJQLILFDQWO\PRUH UHSUHVHQWDWLYHRI WKH DUHD IURPDQRSHUDWLRQDO
IRUHVWPDQDJHPHQWSHUVSHFWLYH

6WUHDPVZHUHGHULYHGXVLQJ$UF*,6VXUIDFHWRROVZKLFKLPSOHPHQWD'VXUIDFHIORZDQDO\VLV
-HQVRQDQG'RPLQJXH  $OOVWUHDPVZHUHWKUHVKROGHGDWKDDQGFRQYHUWHGWROLQHV
ZKLFKZHUHFRQVROLGDWHGLQWRDVLQJOH(65,*HRGDWDEDVHZKLFKLVVKDUHGWRDOO*,6XVHUV  $V
H[LVWLQJ UHJXODWLRQ RI KDUYHVWLQJ DGMDFHQW WR VWUHDPV UHTXLUHV PDQDJHPHQW µDV PDSSHG¶ RQ
SXEOLVKHG WRSRJUDSKLFPDSV D ³VWUHDP RUGHU´ ILHOGZDV LQFOXGHG ZLWKLQ WKH /L'$5 GHULYHG
VWUHDPYHFWRUVWRHQDEOHRSHUDWLRQDOVWDIIWRDWWULEXWHWKH/L'$5GHULYHGVWUHDPZLWKWKHRUGHU
DVGHILQHGRQH[LVWLQJWRSRJUDSKLFPDSVKHHWV


)LJXUH6WXG\DUHDORFDWLRQ

7KLV PDQXDO HGLWLQJ SURFHVV ZKLFK ZKLOH WLPH FRQVXPLQJ IRU RSHUDWLRQDO SODQQLQJ VWDII
SURYLGHVDQDFFXUDWHVWUHDPORFDWLRQZKLOHLQFOXGLQJUHJXODWRU\UHTXLUHPHQWVIRUVWUHDPRUGHU
7KLVLQIRUPDWLRQFDQWKHQEHXSORDGHGWRDVWDQGDUG*36XQLWLQVWDOOHGLQKDUYHVWLQJPDFKLQHU\ 
,QFOXVLRQRIDVWUHDPEHGZLGWKYDOXHHQVXUHVWKDWFHQWUHOLQHRXWSXWVIURPWKH'SURFHVVPHHW
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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UHJXODWRU\ UHTXLUHPHQWVE\ LQFOXGLQJVWUHDPZLGWK  6WUHDPVZLWKDQRQKDUYHVW]RQH!P
DUH QRZPDUNHG HOHFWURQLFDOO\ XVLQJ /L'$5 GHULYHG VWUHDP ORFDWLRQV DQG LQKDUYHVWHU *36
JUHDWO\UHGXFLQJWKHPDQXDOILHOGPDUNLQJUHTXLUHPHQWVZLWKLQKDUYHVWFRPSDUWPHQWV

:KLOH )16: IRXQG D VLPSOH ' VXUIDFH IORZ DQDO\VLV LGHQWLILHG QHDUO\ DOO RQJURXQG
ZDWHUFRXUVHIHDWXUHV UHTXLULQJPDQDJHPHQWGXULQJIRUHVWRSHUDWLRQV WKHUHDUHHUURUV W\SLFDOO\
DVVRFLDWHGZLWKURDGZDWHUFRXUVHLQWHUIDFHV  :KHQPDSSLQJODUJHUPLQLPXPFDWFKPHQWVL]HV
HJ! KD WKHVH HUURUV FDQ EHPDQDJHG E\ UHVDPSOLQJ WR ODUJHU'70FHOO VL]HV 0RXWRQ
  +RZHYHU IRU RSHUDWLRQDOPDQDJHPHQW VPDOOHU FDWFKPHQWV DUH UHTXLUHG DQGZLWK QR
DXWRPDWHGPHWKRGRIµFRQGLWLRQLQJ¶'70IRUWKHVHHUURUVPDQXDOHGLWLQJRIWKHSRLQWFORXGRU
'70 LV DQ H[SHQVLYH VROXWLRQ  $V VXFK )16: FXUUHQWO\ XVHV PDQXDO FRUUHFWLRQ RI '
GHULYHGPRGHOOHGVWUHDPV 
 
6LPSOHWUDLQLQJZDVFRQGXFWHGIRU)16:ILHOGVWDIIDQGFRQWUDFWKDUYHVWVWDIIWRH[SODLQKRZ
/L'$5 WHFKQRORJ\ZRUNV KRZ WR LQWHUSUHW WKH RXWSXWV DQG KRZ WR XVH WKH LQIRUPDWLRQZLWK
*36XQLWV  $UDQJHRILQFDUKDQGKHOGDQGDJULFXOWXUDO*36ZHUHWULDOOHGIRUHDVHRIXVHDQG
GDWDPDQDJHPHQWFDSDELOLW\  7KH*DUPLQVHULHVKDQGKHOGSURYHGWKHPRVWZLGHO\DFFHSWHG
IRU DOO DSSOLFDWLRQV OLPLWLQJ LPDJH LQSXW UHTXLUHPHQWV WR D VLQJOH GDWD W\SH  $ UDSLG
DFFHSWDQFHDQGXSWDNHRIWKHFRPELQHGWHFKQRORJ\E\ERWK)16:ILHOGVWDIIDQGFRQWUDFWRUV
FRXSOHGZLWK LQLWLDO IRFXVHG VXSHUYLVLRQ IURP)16: VWDII WR HQVXUH FRPSOLDQFH DQGPDQDJH
FRQWUDFWRUTXHULHVKDVVLJQLILFDQWO\UHGXFHGLQILHOGERXQGDU\PDUNLQJUHTXLUHPHQWIRU)16:

,Q DGGLWLRQ WR HIILFLHQF\ JDLQV IURP VWUHDP QHWZRUN PDSSLQJ LPSURYHPHQWV LQ TXDQWLI\LQJ
YROXPHDQG LGHQWLI\LQJ WKH ORFDWLRQRIFRPPHUFLDOTXDQWLWLHVRI UHVRXUFHKDYH/L'$5REHHQ
DFKLHYHGWKURXJKWKHXVHRI/L'$5GHULYHGSURGXFWV,QLWLDOO\&+0GDWDZDVPDGHDYDLODEOH
IRU LQWHUSUHWDWLRQDV FRQWLQXRXV VXUIDFH  2QVFUHHQ LQWHUSUHWDWLRQSURYHGKLJKO\ YDOXDEOH IRU
RSHUDWLRQDO SODQQLQJ EXW KDG OLPLWDWLRQV ZKHQ XVHG IRU SUHKDUYHVW UHVRXUFH DVVHVVPHQW 
%DVHGRQIHHGEDFNIURPRSHUDWLRQDOVWDIIIXUWKHUDQDO\VLVRI&+0GDWDZDVXQGHUWDNHQXVLQJD
UDQJHRIPHWKRGVLQFOXGLQJIRFDOPHDQIRFDOVXPPHDVXUHVRIYDULDWLRQDQGFRPELQDWLRQVRI
WKHVHSURFHVVHV  7KHILQDORXWSXWLQYROYHGWZRUHFODVVLILFDWLRQVRIWKHGDWDZLWKLQDP[
PIRFDOZLQGRZDPHDQFDQRS\KHLJKWDQGDFRXQWRISL[HOVRYHUDP WKUHVKROG  7KHVH
RXWSXWVZHUH FRPELQHG LQWR D VLQJOH GDWDVHW DQG FODVVLILHG LQWR  VWUXFWXUDO VWUDWD DQGZKLFK
ZHUH NQRZQ DV 1DWLYH )RUHVW 6WUDWD  7KLV RXWSXW SURYHG D VLJQLILFDQW LPSURYHPHQW RYHU
H[LVWLQJDHULDOSKRWRJUDSKLFLQWHUSUHWDWLRQIRUHVWW\SLQJZKLFKZDVYDULDEOHLQQDWXUHDQGRIWHQ
RXWRIGDWHDVDUHVXOWRIIRUHVWKDUYHVWLQJILUHRUVWDQGJURZWK    

7KH1DWLYH)RUHVW6WUDWDZDVZLGHO\XVHGE\RSHUDWLRQDOVWDIIIRUQHDUO\PRQWKVDQGZRUNHG
YHU\ZHOOIRUDUDQJHRIFRPSOH[QDWLYHIRUHVWW\SHVKRZHYHUUHILQHPHQWZDVUHTXLUHGLQORZHU
SURGXFWLYLW\VWUDWD  )XUWKHULQYHVWLJDWLRQUHVXOWHG LQ WKHXVHRIDP[PIRFDOZLQGRZ
6XP RI 6TXDUHV RI WKH P*6'&+0 GDWD ZKLFKZDV FODVVLILHG LQWR  )RUHVW 3URGXFWLYLW\
VWUDWD  7KLV RXWSXW KDV UHSODFHG WKH RULJLQDO 1DWLYH )RUHVW 6WUDWD DQG LV SURYLQJ PRUH
LQIRUPDWLYHDFURVVWKHIXOOUDQJHRIIRUHVWW\SHVRQWKH)16:FRDVWDOHVWDWH

,QLWLDOO\ DOO GDWDZDV SURYLGHG DV VWDQGDORQH UDVWHU SURGXFWV DQG ORDGHG LQWR$UF*,6 UDVWHU
FDWDORJV  7KHVHGDWDVHWVZHUHWKHQVHUYHGRXWRYHUH[LVWLQJORFDODUHDQHWZRUNVYLDOD\HUVWR
DOORSHUDWLRQDOVWDII  6XEVHTXHQWGHYHORSPHQWVZLWKLQ(65,$UF*,6OHG)16:WR FKDQJH WR
PRVDLFGDWDVHWV7KHDGYDQWDJHRIWKLVDSSURDFKLVWKDWPXFKRIWKHSURFHVVLQJRIGHULYHGGDWD
VXFKDV VKDGHGUHOLHI FDQEHGRQH µRQ WKH IO\¶XVLQJ LQWHJUDWHGPRVDLFGDWDVHW IXQFWLRQV7KLV
UHGXFHV WKH DPRXQW RI SUHSURFHVVLQJ UHTXLUHG VLPSOLILHV GDWD XSGDWHV DQG DOORZV IRU EHWWHU
WHPSRUDOGDWDPDQDJHPHQW  7DEOHGHWDLOVWKHUHYLVHGVXLWHRI/L'$5GHULYHGSURGXFWVDQG
WKHLUGHOLYHU\IRUPDW

 
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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7DEOH5HYLVHG/L'$5GHULYHGGDWDSURYLGHGWRRSHUDWLRQDOVWDIIDIWHUIHHGEDFNDQGSURGXFWUHILQHPHQW
LQFOXGLQJGHOLYHU\IRUPDW

3URGXFW *6'P 'HVFULSWLRQ 'HOLYHU\)RUPDW
6KDGHG
5HOLHI
 0RUQLQJDQGDIWHUQRRQVKDGHGUHOLHIRIJURXQGVXUIDFH '(0UHIHUHQFHG
0RVDLFGDWDVHW
6ORSH  P*6''(0GHULYHG VORSH UDVWHUZLWK[ FHOO IRFDO
PHDQ
0RVDLFGDWDVHW
&+0  &RPELQHG VKDGHG UHOLHI &+0 DQG VHPL WUDQVSDUHQW
FRQWLQXRXV&+0DVJURXSHGOD\HUV
0RVDLFGDWDVHW
6WUDWD  P[PIRFDOVXPRIP*6'&+0UHVDPSOHGWR
P*6'DQGFODVVLILHGLQWRFODVVHV
0RVDLFGDWDVHW
6WUHDPV  $UF*,6GHULYHG'VXUIDFHIORZDFFXPXODWLRQWKUHVKROGDW
KDDQGFRQYHUWHGWRSRO\OLQHV
3RO\OLQH


'LVFXVVLRQDQG&RQFOXVLRQV

,W EHFDPH DSSDUHQW VRRQ DIWHU LPSOHPHQWDWLRQ RI /L'$5 GDWD DQG WKH ILHOG XVH RI GHULYHG
SURGXFWVZLWKLQ&HQWUDO5HJLRQMXVWKRZLQIRUPDWLYHDQGWLPHVDYLQJWKHVHFDQEHGXULQJIRUHVW
SODQQLQJDQGRSHUDWLRQDOPDQDJHPHQW  (YHQWKHORZVWULNHLQWHQVLW\GDWDSURYLGHGVLJQLILFDQW
RSSRUWXQLW\ IRU LQWHUSUHWDWLRQ E\ RSHUDWLRQDO SODQQLQJ DQG ILHOG VWDII  5DSLG XSWDNH RI WKH
WHFKQRORJ\E\RIILFHDQGILHOGVWDIIKLJKOLJKWVRSSRUWXQLWLHVZKHUHLQGLYLGXDOVLGHQWLILHGZD\VWR
LPSURYHWKHLUNQRZOHGJHRUHIILFLHQF\RIFXUUHQWWDVNV

7KHUHKDYHEHHQVLJQLILFDQW LPSURYHPHQWV LQ WKHSURGXFWLRQDQGTXDOLW\RIRSHUDWLRQDOSODQV
7KLV LV HYLGHQFHG E\ D UHGXFWLRQ LQ WKH QXPEHU RI SODQ DPHQGPHQWV UHTXLUHG DIWHU SODQ
FHUWLILFDWLRQUHGXFHGWLPHIRUSODQSUHSDUDWLRQDQGWKHLPSURYHGHVWLPDWLRQRIKDUYHVWGXUDWLRQ
WLPHVGXH WRPRUHDFFXUDWHYROXPHDVVHVVPHQWV  %HWWHUNQRZOHGJHRI WKHVSDWLDO ORFDWLRQRI
WKH UHVRXUFH DFURVV FRPSDUWPHQWV KDV UHVXOWHG LQPRUH DSSURSULDWH URDG ORJ GXPS DQG VQLJ
WUDFN ORFDWLRQV LPSURYLQJ FRQWUDFWRU KDUYHVWLQJ HIILFLHQFLHV DQG UHGXFLQJ WKH FRVWV RI URDG
PDLQWHQDQFHDQGXSJUDGLQJIRUKDUYHVWLQJ

,QWHJUDWLRQRIVWUHDPGDWDDQG*36LQKDUYHVWLQJPDFKLQHVZDVWKHFRUQHUVWRQHRIWKHEXVLQHVV
FDVH IRU/L'$5DFTXLVLWLRQ  ,WZDVFOHDUO\HYLGHQW WKURXJKLQWHJUDWLRQRI WKHVH WHFKQRORJLHV
WKDWVLJQLILFDQWVWDIIVDYLQJVFRXOGEHUHDOLVHGE\LQFUHDVLQJWKHQXPEHURIRSHUDWLRQVLQGLYLGXDO
VXSHUYLVRUV KDG UHVSRQVLELOLW\ IRU  'HVSLWH QRW UHSODFLQJ VWDII ORVW WKURXJK QDWXUDO DWWULWLRQ
)16:LVQRZRSHUDWLQJZLWKLQFUHDVHGFRQILGHQFHLQDFRPSOH[UHJXODWRU\HQYLURQPHQWZLWKD
VLJQLILFDQWO\PRUHVWUHDPOLQHGZRUNIRUFH

:KLOH QRW WKH RQO\ FRQWULEXWRU LPSOHPHQWDWLRQ RI IUHHO\ DFTXLUHG /L'$5 GDWD LQWR EXVLQHVV
RSHUDWLRQV LV D PDMRU FRPSRQHQW RI )16: VXFFHVV LQ PDLQWDLQLQJ EXVLQHVV VWDQGDUGV ZLWK
VLJQLILFDQWO\ IHZHU VWDII  $ EXVLQHVV FDVH IRU DFTXLVLWLRQ RI IXUWKHU /L'$5 GDWD ZDV
IRUPXODWHG DURXQG VDYLQJV GHULYHG WKURXJK HIILFLHQFLHV DVZHOO DV VLJQLILFDQW FRVW DYRLGDQFH
ZKLFK ZDV VXEVHTXHQWO\ DSSURYHG ZLWK GDWD FDSWXUH QRZ FRPSOHWH  :KLOH PXFK RI WKH
ILQDQFLDO GDWD VXSSRUWLQJ WKH EXVLQHVV FDVH DUH FRPPHUFLDO LQ FRQILGHQFH D VXPPDU\ LV
SUHVHQWHG LQ7DEOHZKLFKVKRZVPDMRUFRPSRQHQWVRI WKHRULJLQDOEXVLQHVVFDVHDVZHOODV
XSGDWHGILJXUHVGHYHORSHGGXULQJDSURMHFWUHYLHZGHULYHGIURPDFWXDOFRVWVDQGVDYLQJV

7KHDSSOLFDWLRQRIWKHVHQHZDSSURDFKHVKDVJHQHUDWHGVLJQLILFDQWGLVFXVVLRQZLWKLQGXVWU\DQG
ZLWK UHJXODWRUV  )16: KDV EHJXQ ZRUNLQJ ZLWK UHJXODWRUV DQG /L'$5 UHVHDUFKHUV WR
LQYHVWLJDWH PHWKRGV WR SURYLGH D UHJXODWRU\ HQYLURQPHQW ZKLFK LQWHJUDWHV /L'$5 DQG *36
WHFKQRORJ\ZLWK WKH REMHFWLYH RI SURYLGLQJ LPSURYHG HQYLURQPHQWDO RXWFRPHVZLWKLQ DPRUH
HIILFLHQWUHJXODWRU\DQGFRPSOLDQFHIUDPHZRUN  ,QWKLVFRQWH[WFRQGLWLRQLQJRI'70DURXQG
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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URDGVWUHDPLQWHUIDFHVEHFRPHVFULWLFDO  ,GHQWLILFDWLRQRIQRQKDUYHVW]RQHVDURXQGVWUHDPVLV
OLNHO\ WR UHTXLUH FDWFKPHQW DUHD DV RQH RI WKH LQSXW YDULDEOHV  7KLV ZLOO UHTXLUH DFFXUDWH
PDSSLQJRIHQWLUHFDWFKPHQWVWRPDLQWDLQUHJXODWRU\XQLIRUPLW\DQGSURYLGHFRQILGHQFHLQDQ\
FKDQJHVWRWKHIRUHVWUHJXODWRU\V\VWHP

7DEOH)LQDQFLDOVXPPDU\RIPDMRUFRPSRQHQWVIRU/L'$5DFTXLVLWLRQEXVLQHVVFDVHDQGUHYLVHG
EXVLQHVVFDVHILQDQFLDOVDWFRQFOXVLRQRISURMHFWLQ$8


'HVFULSWLRQ <U <U <U <U <U
%XVLQHVV
&DVH
&RVWVLQFOXGLQJ'DWDFDSWXUH
SURFHVVLQJDQGPDQDJHPHQW
SURMHFWPDQDJHPHQWDQG*36
KDUGZDUH
    
%HQHILWVLQFOXGLQJPRUH
HIILFLHQWKDUYHVWSODQQLQJ
ERXQGDU\PDUNLQJ
    
$QQXDO139     
7RWDO139     
%XVLQHVV
&DVH
5HYLHZ
&RVWVLQFOXGLQJ'DWDFDSWXUH
SURFHVVLQJDQGPDQDJHPHQW
SURMHFWPDQDJHPHQWDQG*36
KDUGZDUH
    
%HQHILWVLQFOXGLQJPRUH
HIILFLHQWKDUYHVWSODQQLQJ
ERXQGDU\PDUNLQJ
    
$QQXDO139     
7RWDO139     

7KHVXFFHVVRI WKHRSHUDWLRQDODSSOLFDWLRQRI/L'$5LVGHSHQGHQWRQVHHNLQJDQGDFWLQJRQ
IHHGEDFNIURPRSHUDWLRQDOVWDIIRQWKHXVHRIYDULRXVGHULYHGSURGXFWV  :KLOHVLPSOHWUDLQLQJ
LQWKHWHFKQRORJ\LWVXVHDQGOLPLWDWLRQVZDVXQGHUWDNHQIRUDOOXVHUVUHJXODUIHHGEDFN LVDOVR
VRXJKW WR LGHQWLI\ ZKHUH LPSURYHPHQWV FDQ EH PDGH IURP DQ RSHUDWLRQDO SHUVSHFWLYH  )RU
H[DPSOHPRYLQJIURPWKHP*6'VORSHGDWDWRDP*6'ZLWKD[FHOOIRFDOPHDQKDV
VLJQLILFDQWO\LPSURYHGWKHRSHUDWLRQDOXVHRIVORSHGDWDLQIRUPLQJGLVFXVVLRQVZLWKKDUYHVWLQJ
FRQWUDFWRUV RQ VORSH FODVVHV ZLWKLQ FXUUHQW FRPSDUWPHQWV DQG SURYLGLQJ TXDQWLWDWLYH
LQIRUPDWLRQIRUWHQGHULQJRQIXWXUHRSHUDWLRQV  

$GGLWLRQDOO\ NHHSLQJ DEUHDVW RI FKDQJHV LQ VRIWZDUH DOORZV VLJQLILFDQW LPSURYHPHQWV LQ
WXUQDURXQG IURP FRQWUDFWRU GDWD GHOLYHU\ WR LQWHUQDO µSXEOLFDWLRQ¶ RI GHULYHG SURGXFWV IRU
RSHUDWLRQDOVWDII  $QH[DPSOHRIWKLV LV LPSURYHPHQWVIURP$UF*,6 WR$UF*,6DQG
WKHDGRSWLRQRIPRVDLFGDWDVHWV7KHVHFKDQJHVKDYHUHGXFHGGDWDSURFHVVLQJWLPHVLPSURYHG
WHPSRUDOGDWDPDQDJHPHQW DQG LQFUHDVHG WKHQXPEHU DQG UDQJHRIGDWDSURGXFWV DYDLODEOH WR
RSHUDWLRQDOVWDII

5DWKHU WKDQZDLW IRU GHYHORSPHQW RI D VWDWLVWLFDO UHODWLRQVKLS EHWZHHQ /L'$5 DQG SORW GDWD
)16: KDV RSWHG IRU LQFUHPHQWDO LPSURYHPHQWV LQ WKH XVH RI QDWLYH IRUHVW VWUDWLILFDWLRQ WR
SURYLGHVLJQLILFDQWHIILFLHQF\ LPSURYHPHQWVDQGFRVWVDYLQJV  7KHILUVWVWUDWLILFDWLRQPHWKRG
SURYLGHGVWDIIZLWKJDLQVRYHUVLPSOH&+0LQWHUSUHWDWLRQDQGZKHQIXUWKHULPSURYHPHQWZDV
QHHGHGDQDO\VLVZDVXQGHUWDNHQILHOGWHVWHGDQGDVLPSOHSURGXFWGHYHORSHGDQGSURYLGHGDOO
ZLWKDVKRUWWXUQDURXQGWRPHHWWKHRSHUDWLRQDOQHHGVRIILHOGVWDII  'XULQJGHYHORSPHQWRIWKH
VHFRQGDU\ VWUDWLILFDWLRQ PHWKRG )16: PRGLILHG LWV VWUDWHJLF DQG WDFWLFDO LQYHQWRU\ SORW
ORFDWLRQ VSHFLILFDWLRQV WR HQDEOH SORWV WR EH OLQNHG WR /L'$5 GDWD )16: LV FXUUHQWO\
LQYHVWLJDWLQJFRUUHODWLRQVEHWZHHQSORWGDWDDQG/L'$5KRSLQJWRIXUWKHULPSURYHYROXPHDQG
SURGXFW HVWLPDWLRQ XVLQJ /L'$5 )XWXUH ZRUN ZLOO LQFOXGH UHYLHZ RI WKH 1DWLYH )RUHVW
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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,QYHQWRU\)UDPHZRUNWRLQFRUSRUDWH/L'$5DQGFRQVLGHUDWLRQVRIFRVWHIIHFWLYHDOWHUQDWLYHVWR
NHHS&+0GDWDVHWVFXUUHQWLQWKHG\QDPLFIRUHVWHVWDWH

7KURXJKLQYHVWLJDWLRQRIIUHHO\DYDLODEOHGDWDVHWVDOEHLWRIDORZHUWKDQGHHPHGRSWLPDOVWULNH
LQWHQVLW\ )16:ZDV DEOH WR EXLOG D ILQDQFLDOO\ DWWUDFWLYH /L'$5 DFTXLVLWLRQ EXVLQHVV FDVH 
)16:KDVVXEVHTXHQWO\ LQFUHDVHG LWV/L'$5FRYHUDJH WKURXJKERWK LQWHUQDODFTXLVLWLRQDQG
WKURXJK DFFHVV WR ZKROH RI JRYHUQPHQW GDWD VHWV WR QRZ KDYH ZHOO RYHU  KD RI
SURGXFWLYHIRUHVWHVWDWHXQGHU/L'$5DQGSODQQHGDFTXLVLWLRQRIDIXUWKHUKD


$FNQRZOHGJHPHQWV

0DQ\WKDQNVWRWKHVWDIIRI)16:1DWLYH)RUHVW'LUHFWRUDWHHVSHFLDOO\WKRVHIURP:HVWHUQDQG
&HQWUDO5HJLRQVIRUWKHLUSDWLHQFHXQGHUVWDQGLQJDQGZLOOLQJQHVVWRXVHRI/L'$5GDWD 

5HIHUHQFHV

-HQVRQ6.DQG'RPLQJXH-2([WUDFWLQJWRSRJUDSKLFVWUXFWXUHIURPGLJLWDO
HOHYDWLRQGDWDIRUJHRJUDSKLFLQIRUPDWLRQV\VWHPVDQDO\VLV3KRWRJUDPPHWULF
(QJLQHHULQJDQG5HPRWH6HQVLQJ9RO1RSS

0RXWRQ$  *HQHUDWLQJ6WUHDP0DSV8VLQJ/L'$5'HULYHG'LJLWDO(OHYDWLRQ0RGHOVDQGP
86*6'(006FWKHVLV8QLYHUVLW\RI:DVKLQJWRQ
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The influence of scan mode and circle fit algorithms on the extraction 
of stem diameter and volume from TLS data 

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Abstract 

7HUUHVWULDO ODVHU VFDQQLQJ 7/6 KDV EHHQ XVHG WR HVWLPDWH D QXPEHU RI VWUXFWXUDO IRUHVW
SDUDPHWHUV LQFOXGLQJ/$, FURZQ FRYHU WUHHKHLJKW DQG GLDPHWHU DW EUHDVW KHLJKW '%+$
QXPEHURIVWXGLHVKDYHVKRZQWKDW'%+ZKLFKLVDPDLQSDUDPHWHULQIRUHVWLQYHQWRU\FDQEH
VXFFHVVIXOO\H[WUDFWHGIURP7/6GDWD+RZHYHUGXHWRGLIIHUHQFHVLQWKHH[SHULPHQWDOVHWXS
GDWDSURFHVVLQJDQGWHVWSORWFKDUDFWHULVWLFVWKHUHSRUWHGHVWLPDWLRQDFFXUDFLHVYDULHGVWURQJO\
,QRUGHUWRSURYLGHFRQVLVWHQF\DQGPD[LPL]HDFFXUDF\DV\VWHPDWLFVWXG\RIWKHLQIOXHQFHRI
WKHVH YDULDEOHV LV UHTXLUHG 7R FRQWULEXWH WR VXFK DQ DSSURDFK ZH IRFXVHG RXU VWXG\ RQ WKH
HIIHFWVRIWKHVFDQPRGHVLQJOHYVPXOWLSOHVFDQVDQGFLUFOHILWDOJRULWKPVRQDXWRPDWHGVWHP
GHWHFWLRQ VWHP GLDPHWHU DQG YROXPH H[WUDFWLRQ 5HVXOWV VKRZ WKDW WUHH VWHPV ZKLFK DUH
XQREVWUXFWHGFDQEHGHWHFWHGZLWKPHDQDFFXUDFLHVRIWR7KHH[WUDFWHG'%+DJUHH
FORVHO\ZLWKUHIHUHQFH WDSHPHDVXUHPHQWVZLWKVLQJOH VFDQ506(¶V UDQJLQJ IURPFP WR
 FP:LWK UHJDUG WR WKH GLIIHUHQW FLUFOH ILW DOJRULWKPV WHVWHG /HPHQ 3UDWW 7DXELQ WKH
/HPHQDOJRULWKPVKRZHGWKHEHVWRYHUDOOSHUIRUPDQFH7KH'%+HVWLPDWLRQEDVHGRQPHUJHG
VFDQGDWDPXOWLSOHVFDQVSHUIRUPHGVXSHULRUFRPSDUHGWRWKHVLQJOHVFDQGDWDZLWK506(¶V
UDQJLQJ IURPFP WRFP7KHGLIIHUHQFHVEHWZHHQVLQJOHDQGPHUJHGVFDQPRGHDUH
UHIOHFWHGLQWKHVWHPYROXPHHVWLPDWHVWRR6LQJOHVFDQVWHPYROXPHVH[KLELWDODUJHYDULDELOLW\
ZLWK PHDQ GHYLDWLRQV IURP WKH UHIHUHQFH YROXPHV UDQJLQJ IURP  WR  %\ FRQWUDVW
YROXPHVH[WUDFWHGIURPWKHPHUJHGVFDQVRQO\YDU\ZHDNO\WR

1. Introduction 
 
7KHDSSOLFDWLRQRI WHUUHVWULDO ODVHUVFDQQLQJ7/6IRUIRUHVW LQYHQWRU\ LVVWLOODUHODWLYHO\QHZ
ILHOGRIUHVHDUFK7KLVLVGXHWRKLJKVFDQQHUFRVWVDQGOLPLWHGFDSDFLWLHVIRUDQDXWRPDWHGGDWD
SURFHVVLQJ+RZHYHUHQFRXUDJHGE\WKHSURPLVLQJUHVXOWVRISLORWVWXGLHVHJ6LPRQVHHWDO
 7KLHV 	 6SLHFNHU  DQG ERRVWHG E\ WKH UDSLG DGYDQFH LQ VFDQQHU WHFKQRORJ\
IRUHVWU\UHODWHGUHVHDUFKDQGDSSOLFDWLRQVRI7/6KDYHEHHQRQWKHLQFUHDVHLQUHFHQW\HDUV7R
GDWH 7/6 VWXGLHV KDYH FRYHUHG D QXPEHU RI ELRSK\VLFDO DQG VWUXFWXUDO IRUHVW SDUDPHWHUV
LQFOXGLQJWUHHORFDWLRQHJ6LPRQVHHWDOWUHHKHLJKWHJ0DDVHWDOGLDPHWHU
DW EUHDVW KHLJKW HJ %LHQHUW HW DO  VWHP YROXPH HJ 7DQVH\ HW DO  ELRPDVV 
+RORSDLQHQHWDO<DRHWDO/HDI$UHD,QGH[DQGJDSIUDFWLRQHJ-XSSHWDO
:KLOHWKHVHVWXGLHVFRQILUPHGWKHEDVLFSRWHQWLDORI7/6WRVXFFHVVIXOO\HVWLPDWHWKHVH
SDUDPHWHUV D V\VWHPDWLF VWXG\RI WKH IDFWRUVZKLFK LQIOXHQFH WKH LQIRUPDWLRQH[WUDFWLRQ IURP
7/6GDWDLVVWLOOODFNLQJ3RVVLEOHLQIOXHQFHVDUHQXPHURXVDQGLQFOXGH
 
 5DQJLQJPHWKRGHJWLPHRIIOLJKWGLVFUHWHUHWXUQFRQWLQXRXVZDYHSKDVHVKLIW 
 6FDQQHUFKDUDFWHULVWLFVHJODVHUZDYHOHQJWKEHDPGLYHUJHQFH
 6FDQVHWWLQJVHJDQJXODUUHVROXWLRQLQWHJUDWLRQWLPH 
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 6FDQPRGHHJVLQJOHRUPXOWLSOHVFDQV
 'DWDSURFHVVLQJHJILOWHULQJ KLJKHUOHYHODOJRULWKPVIRUGHULYLQJVWUXFWXUH

7KHVHLQIOXHQFHVH[KLELWLQWHUGHSHQGHQFLHVZKLFKIRUIRUHVWDSSOLFDWLRQVDUHIXUWKHUFRPSOLFDWHG
E\GLIIHUHQW VWDQGDQGSORW FKDUDFWHULVWLFV HJ FDQRS\ OD\HULQJGHJUHHRIXQGHUJURZWK VWHP
GHQVLW\ VORSH$V D FRQVHTXHQFH WKH H[LVWLQJ VWXGLHV\LHOGZLGHO\GLIIHUHQW UHVXOWV HYHQ IRU
VXFK VHHPLQJO\ VLPSOH WDVNV DV VWHPGHWHFWLRQDQGGLDPHWHUH[WUDFWLRQ7KHEDVLFGLIIHUHQFHV
EHWZHHQWKHVHVWXGLHVDOVRPDNHLWGLIILFXOWWRREMHFWLYHO\FRPSDUHWKHSURSRVHGDSSURDFKHVD
IDFWZKLFKFDOOVIRUDPRUHV\VWHPDWLFVWXG\LQWRWKH7/6UHODWHGLQIOXHQFHV7KHSUHVHQWVWXG\
LQWHQGV WRFRQWULEXWH WR VXFKDQDSSURDFKE\DVVHVVLQJ WZRRI WKHVH LQIOXHQFHVQDPHO\FLUFOH
ILWWLQJ DQG VFDQ PRGH RQ WKH VWHP GHWHFWLRQ VWHP GLDPHWHU DQG YROXPH H[WUDFWLRQ IURP
SKDVHVKLIW7/6GDWD2WKHULPSRUWDQWLQIOXHQFHVZLOOEHDGGUHVVHGLQDIROORZXSVWXG\ 

2. Methods 
 
2.1 Study area 
 
7KLV VWXG\ZDV FDUULHGRXW DVSDUW RI D ODUJHU FDPSDLJQZLWK WKHSXUSRVHRIYDOLGDWLQJ IRUHVW
VWUXFWXUDOPHWULFVGHULYHGIURPDLUERUQHK\SHUVSHFWUDODQGODVHUVFDQQLQJGDWDDQGZKLFKVHUYHV
DVSUHSDUDWLRQIRUWKH*HUPDQK\SHUVSHFWUDOVDWHOOLWHPLVVLRQ(Q0$3KWWSZZZHQPDSRUJ
7KH VWXG\ DUHD LV WKH Pfälzerwald IRUHVW QHDU .DLVHUVODXWHUQ *HUPDQ\ 7KLV UHVHDUFK VLWH
Merzalben  
1  
( FRQVLVWV RI D QXPEHU RI SHUPDQHQW IRUHVW PRQLWRULQJ SORWV
SURYLGLQJDODUJHSRRORILQVLWXUHIHUHQFHPHDVXUHPHQWV7KHSUHVHQWVWXG\ZDVFDUULHGRXWDW
WKHPDLQPRQLWRULQJSORWDPL[HG%HHFK'RXJODVILUVWDQGZKLFKLVFKDUDFWHUL]HGE\WZR]RQHV
RISXUH%HHFKDQGSXUH'RXJODVILUDQGRQH]RQHZKHUHWKHVHVSHFLHVHYHQO\PL[VHH7DEOH
IRUWKHEDVLFVWDQGFKDUDFWHULVWLFV'XULQJDILHOGFDPSDLJQLQ$XJXVWWKHSXUH]RQHVZHUH
VFDQQHGZLWKDWRWDORIWHUUHVWULDOODVHUVFDQVVFDQVHDFK
 
7DEOH6WDQGFKDUDFWHULVWLFVRIWKHUHVHDUFKVLWHMerzalben

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%HHFK      
'RXJODVILU      
 
2.2 TLS scan collection and data processing 
7/6 VFDQVZHUH FROOHFWHGZLWK D )$523KRWRQ  D SKDVHVKLIW ODVHU VFDQQHUZLWK  [
ILHOGRIYLHZDQGDPLQLPXPKRUL]RQWDODQGYHUWLFDOVWHSVL]HRI7KHVFDQQHUKDVD
PD[LPXPPHDVXUHPHQW VSHHG RI  NSWVHF DQG D EHDP GLYHUJHQFH RI  7KH VFDQQHU
VHWWLQJVXVHGIRUWKLVVWXG\ZHUHDQDQJXODUUHVROXWLRQRISRLQWVSDFLQJRIPP
PDQGDPHDVXUHPHQWVSHHGRINSWVHF7KHVHVHWWLQJVUHVXOWHGLQDVFDQWLPHRIPLQ
DQG ILOH VL]HV RI DSSUR[LPDWHO\ 0% ,Q RUGHU WR SRVWSURFHVV WKH VLQJOH VFDQV LQWR RQH
PHUJHGVFDQ UHIHUHQFHREMHFWVZHUHSODFHG LQSRVLWLRQVZKHUH WKH\FRXOGEHYLHZHGIURPDOO
VLQJOH VFDQ ORFDWLRQV 5HIHUHQFH '%+ GLDPHWHU DW EUHDVW KHLJKW WDSH PHDVXUHPHQWV ZHUH
FROOHFWHG LQ$SULO 7UHH ORFDWLRQVZHUH H[WUDFWHG IURP DQ H[LVWLQJ GDWDEDVH ,Q RUGHU WR
YDOLGDWHWKHVWHPYROXPHHVWLPDWHVVWHPGLDPHWHUSURILOHVVWHSVL]HRIFPDQGPKHLJKW
ZHUHUHFRUGHGLQ0DLIRU%HHFKWUHHV7KHVLQJOHVFDQVZHUHPDQXDOO\UHJLVWHUHGXVLQJ
)$52VFHQHVRIWZDUHWRSURGXFHPHUJHGSRLQWFORXGVIRUHDFKRIWKHSXUH]RQHVVFDQQHG7KH
VLQJOHVFDQSRLQWFORXGVZHUHDOVRDXWRPDWLFDOO\FRQYHUWHGWRUDVWHULPDJHVFRQWDLQLQJWKH[\
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]UDQJHLQWHQVLW\D]LPXWKDQG]HQLWKLQIRUPDWLRQIRUHDFKVFDQSRLQW
2.3 Stem detection 
2XU DSSURDFK WR DXWRPDWHG WUHH VWHP GHWHFWLRQ LV EDVHG RQ UDQJH GLIIHUHQFHV EHWZHHQ
QHLJKERULQJSL[HOVRIDKRUL]RQWDO VOLFH H[WUDFWHG IURP WKH UDQJH LPDJHRIDVLQJOH7/6VFDQ
:KLOH VLQJOH VFDQ UDQJH LPDJHV KDYH EHHQ XVHG IRU VWHPGHWHFWLRQ EHIRUH HJ )RUVPDQ DQG
+DOPHYDQ/HHXZHQHWDOWKHSURSRVHGDSSURDFKLVRULJLQDODQGGLIIHUVGLVWLQFWO\
IURP WKHVH DSSURDFKHV 7R PLQLPL]H RPLVVLRQ GXH WR RFFOXVLRQ E\ EUDQFKHV DQG OHDYHV RXU
DSSURDFK XWLOL]HVPXOWLSOH VOLFHV 6FDQQHU UHWXUQV DUH DVVHVVHG LQ  KRUL]RQWDO VOLFHV RI 
YHUWLFDOWKLFNQHVVZLWKWKHIROORZLQJ]HQLWKDORIIVHWVIURPWKHVFDQQHUKHLJKW ]HQLWK
'XHWRLWVORZHUVWHPGHQVLW\RQO\RIWKHVHVOLFHV
ZHUHXVHGLQWKHVWHPGHWHFWLRQRIWKH'RXJODVILU]RQH:LWKLQHDFKVOLFHWKHUDQJHPHDQUDQG
YDULDQFH2UDUHFRPSXWHGIRUHDFKYHUWLFDOVFDQOLQH,IUUDQJH DQG2U <  WKHQWKHVFDQOLQH
LV FRQVLGHUHG WR EH D SRVVLEOH VWHP UHWXUQ &RQVHFXWLYH VWHP UHWXUQV ZLWK UDQJH GLIIHUHQFHV
EHORZGLII DQGZKLFKFRYHUDPLQLPXPD]LPXWKVSDQ įSURYLGH WKHSULPDU\HYLGHQFHRID
WUHH VWHP 6WHP FHQWUH ORFDWLRQV LH WKHLU FHQWUDO D]LPXWK GHWHFWHG LQ HDFK VOLFH DUH WKHQ
FRPSDUHGWRGHWHUPLQHLIWKH\FRUUHVSRQGWRDVLQJOHWUHHVWHPRUWRGLIIHUHQWVWHPV 

7KHSDUDPHWHUVHWXVHGLQWKHSUHVHQWVWXG\LVGLII FPUDQJH PRSWLRQDOSDUDPHWHU
 į %DVHGRQWKHVFDQUHVROXWLRQXVHGLQWKLVVWXG\DQD]LPXWKVSDQRI
FRUUHVSRQGVWRVWHPGLDPHWHUVRIFPFPDQGFPIRUUDQJHVRIPP
DQGPUHVSHFWLYHO\įZDVGHWHUPLQHGEDVHGRQWKHREVHUYDWLRQWKDWOHVVWKDQRIWKH
WUHHVZLWKLQUDQJHKDYH'%+EHORZFP        

2.5 Stem diameter and volume extraction  
 
,Q RUGHU WR DVVHVV WKH HIIHFWV RI WKH FLUFOH ILWWLQJ RQ WKH H[WUDFWLRQ RI VWHP GLDPHWHUV DQG
YROXPHV WKUHHGLIIHUHQW DOJRULWKPVZHUH WHVWHG$JHRPHWULFDOJRULWKP LPSOHPHQWHGE\ -5
/HPHQDQGWZRDOJHEUDLFDOJRULWKPV3UDWWDQG7DXELQDVLPSOHPHQWHGE\
1&KHUQRY*HRPHWULFDQGDOJHEUDLFILWVDUHWKHWZRJHQHUDOFLUFOHILWDSSURDFKHV:KLOH
WKH JHRPHWULF ILW ZKLFK DLPV DWPLQLPL]LQJ WKH VXP RI WKH VTXDUHV 66 RI WKH UHVLGXDOV LV
FRQVLGHUHGWREHDFFXUDWHDPDMRUFRQFHUQLVWKDWWKHUHVSHFWLYHPLQLPL]DWLRQDOJRULWKPVKDYH
QR FORVHG VROXWLRQ DQG WKXV WKH\ XVXDOO\ UHTXLUH LWHUDWLYH DQG FRPSXWDWLRQDOO\ LQWHQVLYH
QXPHULF VFKHPHV $O6KDUDGTDKDQG&KHUQRY$OJHEUDLF ILWVRQ WKHRWKHUKDQG XVHDQ
DOJHEUDLFHTXDWLRQWRUHSUHVHQWDFLUFOHDQGFRUUHVSRQGLQJILWVDUHQRQLWHUDWLYHDQGWKXVIDVWHU
WKDQ*HRPHWULFILWV3UDWW2QHRIWKHPRVWSRSXODUDOJHEUDLFILWVLVWKH.nVDDOJRULWKP
.nVD+RZHYHULWKDVEHHQIRXQGWKDWWKHDFFXUDF\RIWKH.nVDILWVXIIHUVLQFDVHVZKHQ
WKHREVHUYHGSRLQWVGRQRWUHSUHVHQWFRPSOHWHFLUFXODUDUFV$O6KDUDGTDKDQG&KHUQRY
7KXVVHYHUDOPRGLILFDWLRQVZHUHGHYHORSHGWRRYHUFRPHWKLVOLPLWDWLRQHJE\3UDWWDQG
E\7DXELQ7RDFFRXQWIRUWKHLQFRPSOHWHFLUFXODUUHSUHVHQWDWLRQRIWUHHVWHPVLQVLQJOH
VFDQ PRGH ZH WHVWHG WKH FLUFOH ILW DOJRULWKPV E\ 3UDWW DQG 7DXELQ DQG LQ RUGHU WR FRPSDUH
EHWZHHQWKHJHQHUDOFLUFOHILWDSSURDFKHVZHLQFOXGHGWKHJHRPHWULFILWE\/HPHQ         
 
2XU DSSURDFK WR DQ DXWRPDWLF VWHP GLDPHWHU H[WUDFWLRQ FDQ EH DSSOLHG WR VLQJOH DQGPHUJHG
VFDQ GDWD ,Q D ILUVW VWHS VFDQ SRLQWVZLWKLQ DERXQGLQJER[  FP[  FP FHQWUHG DW WKH
GHWHFWHGVWHPORFDWLRQVDUHH[WUDFWHG(DFKWUHHGHILQHVLWVRZQVHWRIVWHPSRLQWV7KHKHLJKW
PLQLPXPRIHDFKVHWUHSUHVHQWLQJWKHJURXQGOHYHOLVWKHQGHWHUPLQHG6LQFHLWKDVEHHQIRXQG
WKDWWKHSKDVHVKLIW)$52VFDQVVXIIHUIURPVRFDOOHGJKRVWSRLQWVEHORZJURXQGOHYHO%LHQHUW
HW DO  0DDV HW DO  ZKLFK VWURQJO\ DIIHFW WKH JURXQG OHYHO DQG EUHDVW KHLJKW
GHWHUPLQDWLRQDKLVWRJUDPEDVHGRXWOLHUGHWHFWLRQDQGUHPRYDOLVLPSOHPHQWHGLQRXUDSSURDFK
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6FDQUHWXUQVFODVVLILHGDVVWHPSRLQWVDUHH[WUDFWHGIRUKRUL]RQWDOVOLFHVRIFPWKLFNQHVVDQG
FLUFOH ILWWLQJ LVDSSOLHG6LQFH WKH VWHPSRLQWVXVXDOO\ LQFOXGHVFDQ UHWXUQVIURPEUDQFKHVDQG
OHDYHVZKLFKDIIHFWWKHFLUFOHILWWLQJZHLPSOHPHQWHGDUDQJHEDVHGWHVWIRUWKHVHPLVFODVVLILHG
VFDQSRLQWV7KHLPSRUWDQFHRIH[WUDFWLQJPHDQLQJIXOLQIRUPDWLRQIURP7/6GDWDLVVWUHVVHGE\
DQXPEHURIDXWKRUVHJ$VFKRIIHWDO0DDVHWDO/LWNH\HWDODQGPD\EH
DFKLHYHG E\ ILOWHULQJ DQGRU DSSO\LQJ UREXVWPRGHOLQJ WHFKQLTXHV7R SUHYHQW JURVV FLUFOH ILW
HUURUVZHVHWDQXSSHUGLDPHWHUWKUHVKROG7KHFLUFOHILWWLQJLVFDUULHGRXWIRUDOOVOLFHVIURPWKH
ORFDOPLQLPXPWRWKHPD[LPXPKHLJKW,QDILQDOVWHS'%+LVH[WUDFWHGDVWKHVWHPGLDPHWHUDW
WKH QRPLQDO KHLJKW RI  P DV ZHOO DV HVWLPDWHG EDVHG RQ D UREXVW OLQHDU ILW RI WKH VWHP
GLDPHWHU SURILOH 6WHP YROXPH LV FDOFXODWHG EDVHG RQ WKH H[WUDFWHG DQG PHDVXUHG GLDPHWHU
SURILOHVE\VXPPLQJWKHYROXPHVFDOFXODWHGIRUHDFKVOLFHDSSUR[LPDWHGDVDFRQLFDOIUXVWXP
'XHWRWKHLQFUHDVLQJVKDGRZLQJRIVWHPSDUWVZLWKLQWKHFDQRS\VWHPYROXPHFDOFXODWLRQZDV
UHVWULFWHGWRVWHPKHLJKWVRIP  
 
3. Results 
 
3.1 Stem detection 
 
7KHUHVXOWVUHYHDOWZRLPSRUWDQWLQIOXHQFHVRQWKHVWHPGHWHFWLRQ7KHLQIOXHQFHRIWKHVKDGRZLQJ
RIVWHPVE\RWKHUYHJHWDWLRQFRPSRQHQWVDQGWKHLQIOXHQFHRIVWHPGHQVLW\:KLOHWKHIRUPHUKDV
EHHQZHOOGRFXPHQWHGHJ%LHQHUWHWDO/LWNH\HWDO/LDQJHWDO/RYHOOHW
DOWKHHIIHFWRIVWHPGHQVLW\KDVUHFHLYHGUHODWLYHO\OLWWOHDWWHQWLRQLQWKH7/6OLWHUDWXUH
GHVSLWH WKHIDFW WKDWVWHPGHQVLW\DQG WKHVKDGRZLQJHIIHFWDUHGLUHFWO\UHODWHG7KHFRPELQHG
HIIHFWVRIVKDGRZLQJDQGVWHPGHQVLW\FDQEHSDUWLFXODUO\VWURQJLIVWHPGHWHFWLRQLVEDVHGRQ
VLQJOH7/6VFDQV7KLVLVUHIOHFWHGLQWKHORZGHWHFWLRQUDWHVEDVHGRQXVLQJMXVWRQHKRUL]RQWDO
VOLFH IURP WKHVLQJOH VFDQUDQJH LPDJHV 7DE ,QFUHDVLQJ WKHQXPEHURI VOLFHV UHGXFHV WKH
SRVVLELOLW\RIVKDGRZLQJFDXVHGE\EUDQFKHVDQGOHDYHVDQGLQFUHDVHVWKHGHWHFWLRQUDWHVWR
DQG7KHVHYDOXHVUHGXFHWRDQGLIWUHHVZKLFKDUHFRPSOHWHO\VKDGRZHGZLWKLQWKH
]HQLWKUDQJHXVHGIRUVWHPGHWHFWLRQDUHDFFRXQWHGIRU&RPSDULQJWKHUHVXOWVEHWZHHQWKH%HHFK
DQGWKH'RXJODVILU]RQHGHPRQVWUDWHVWKHLQIOXHQFHRIVWHPGHQVLW\RQWKHGHWHFWLRQUDWH8VLQJ
RQO\RQHVOLFHPRUHRIWKHWUHHVDUHGHWHFWHGLQWKHORZHUGHQVLW\'RXJODVILU]RQHWKDQLQWKH
KLJKHUGHQVLW\%HHFK]RQH8VLQJVOLFHVRIWKH'RXJODVILUWUHHVFRPSDUHGWRRIWKH
%HHFKWUHHVDUHGHWHFWHG7KLVGHPRQVWUDWHVWKHQHFHVVLW\WRDGMXVWWKHVWHPGHWHFWLRQDOJRULWKP
IRUVWDQGVRIGLIIHUHQWVWHPGHQVLW\+RZHYHU VLQFH WKHDOJRULWKP LV IDVWDQGHIILFLHQW a±
VHFRQGVSHUVOLFH WKHFRPSXWDWLRQDOFRVW LQLQFUHDVLQJWKHQXPEHURIVOLFHVLV ORZKHQFHWKH
LQLWLDO QXPEHU FDQ EH VHW UHODWLYHO\ KLJK &RQFOXGLQJ RYHUDOO GHWHFWLRQ UDWHV DQG  HTXDOO\
LPSRUWDQWIDOVHGHWHFWLRQUDWHVDUHH[FHOOHQWIRUERWK%HHFKDQG'RXJODVILU7DE
 
7DEOH6WHPGHWHFWLRQVWDWLVWLFV9DOXHVDUHPHDQYDOXHVRIWKHVLQJOHVFDQV2FFOXVLRQUHODWHVWRWKH
GHJUHHRIVKDGRZLQJRIVWHPVE\EUDQFKHVDQGOHDYHVZLWKLQWKH]HQLWKUDQJHXVHGIRUVWHPGHWHFWLRQLH
RFFOXGHGWUHHVDUHVWLOOYLVLEOHLQWKHUDQJHLPDJH%\FRQWUDVWDOOWUHHVUHODWHVWRYLVLEOHDQGQRQYLVLEOHWUHHV
SUHVHQWZLWKLQWKHUDQJHLPDJH
1RIVOLFHV %HHFK 'RXJODVILU
   
   
   
)DOVHGHWHFWLRQUDWH  
'HWHFWLRQUDWHXQRFFOXGHGDQGSDUWLDOO\RFFOXGHGWUHHV  
'HWHFWLRQUDWHXQRFFOXGHGDQGRFFOXGHGWUHHV  
'HWHFWLRQUDWHDOOWUHHV  
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3.2 DBH extraction 

,QRUGHUWRWHVWWKHLQIOXHQFHRIWKHVFDQPRGHDQGFLUFOHILWWLQJRQWKHVWHPGLDPHWHUH[WUDFWLRQ
'%+ZDVH[WUDFWHGIURPERWKVLQJOHDQGPHUJHGVFDQGDWDDQGEDVHGRQWKUHHGLIIHUHQWFLUFOHILW
DOJRULWKPV DQG WZR GLIIHUHQW H[WUDFWLRQPHWKRGV FI VHFWLRQ  '%+ DQDO\VLV LV EDVHG RQ
VDPSOHVRI%HHFKDQGWUHHV'RXJODVILUIRUWKHVLQJOHVFDQVDQG%HHFKDQG
WUHHV 'RXJODV ILU IRU WKHPHUJHGVFDQV7KHUHVXOWV UHYHDO WKUHHGLVWLQFWDVSHFWVRI WKH'%+
H[WUDFWLRQIURPSKDVHVKLIW7/6GDWD 

 7KH SHUIRUPDQFH RI WKH '%+ H[WUDFWLRQ IURP WKH PHUJHG VFDQV LV VXSHULRU WR WKH
H[WUDFWLRQIURPWKHVLQJOHVFDQV 
 7KH SHUIRUPDQFH RI WKH '%+ HVWLPDWHG EDVHG RQ D UREXVW OLQHDU ILW RI WKH GLDPHWHU
SURILOHLVVXSHULRUWRWKH'%+H[WUDFWHGDWWKHQRPLQDOEUHDVWKHLJKW 
 7KH GLIIHUHQFHV LQ WKH '%+ HVWLPDWHV UHVXOWLQJ IURP DSSO\LQJ GLIIHUHQW FLUFOH ILW
DOJRULWKPVDUHPDUJLQDO 

7KH ODWWHU LV UHIOHFWHG LQ WKH HUURU KLVWRJUDPV )LJ  6LQJOH VFDQ 506(¶V DUH QHYHUWKHOHVV
KLJKHUIRUWKHDOJHEUDLFEDVHGDOJRULWKPV3UDWWDQG7DXELQWKDQIRUWKHSDUDPHWULFEDVHG/HPHQ
DOJRULWKP± WKLV LV WUXH IRU ERWK%HHFKDQG'RXJODV ILU DQG WR D OHVVHU GHJUHH IRU ERWK'%+
H[WUDFWLRQPHWKRGV 7DEZKLFKFRQVROLGDWHV WKH VOLJKWO\EHWWHUSHUIRUPDQFHRI WKH/HPHQ
DOJRULWKPZKLFKDOVRSURYHGWREHPRUHUREXVWLQFDVHRIQRLV\GDWD7KHVHGLIIHUHQFHVKRZHYHU
GLPLQLVK IRU WKHPHUJHG VFDQ506(¶V 7DEZKLFKGHPRQVWUDWHV WKDW WKH LQIOXHQFHRI WKH
FLUFOH ILWWLQJ FDQEHQHJOHFWHG IRUPHUJHG VFDQV5HVXOWV DOVR VKRZ WKDW WKH VLQJOH VFDQ'%+
H[WUDFWHGDWWKHQRPLQDOEUHDVWKHLJKWGLIIHUVLJQLILFDQWO\IURPWKRVHHVWLPDWHGEDVHGRQDOLQHDU
ILWRIWKHGLDPHWHUSURILOH)LJZKLFKFDQEHDWWULEXWHGWRWKHIDFWWKDWWKHODWWHULVOHVVSURQH
WRHUURUVLQWKHGHWHUPLQDWLRQRIWKHJURXQGOHYHODQGWKXVWKHH[DFWEUHDVWKHLJKWDVZHOODVWR
HUURUV LQ WKH FLUFOH ILWWLQJ GXH WR RXWOLHUV 7KH ODUJHU 506( GLIIHUHQFHV EHWZHHQ WKH WZR
H[WUDFWLRQPHWKRGV FRPSDUHG WR WKRVH EHWZHHQ WKH WKUHH FLUFOH ILW DOJRULWKPV LQGLFDWH WKDW D
UREXVWPRGHOLQJDQGRUUHPRYDORIRXWOLHUVLVPRUH LPSRUWDQW IRU'%+H[WUDFWLRQIURPVLQJOH
7/6VFDQVWKDQWKHFKRLFHRIWKHFLUFOHILWDOJRULWKP 
  
7DEOH6WHPGLDPHWHUVWDWLVWLFV'%+%+ '%+H[WUDFWHGDWWKHQRPLQDOEUHDVWKHLJKW'%+/ILW 
'%+HVWLPDWHGEDVHGRQILWWLQJDOLQHWRWKHGLDPHWHUSURILOH
  6LQJOHVFDQV506(>FP@ 0HUJHGVFDQV506(>FP@
3ORW $OJRULWKP '%+%+ '%+/ILW '%+%+ '%+/ILW
%HHFK
/HPHQ    
3UDWW    
7DXELQ    
'RXJODVILU
/HPHQ    
3UDWW    
7DXELQ    
 

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
)LJXUH'LVWULEXWLRQRIWKHVLQJOHVFDQ'%+HVWLPDWLRQHUURUVIRUWKHGLIIHUHQW'%+H[WUDFWLRQPHWKRGV
DQGFLUFOHILWDOJRULWKPV'RWWHGOLQHV &LUFOHILWHUURUVEDVHGRQWKHOLQHDUILW'%+H[WUDFWLRQ6ROLGOLQHV 
&LUFOHILWHUURUVEDVHGRQWKHGLUHFW'%+H[WUDFWLRQ
&RQWUDU\ WR WKH VLQJOH VFDQV GLIIHUHQFHV LQ 506( EHWZHHQ WKH WZR H[WUDFWLRQ PHWKRGV DUH
VPDOOHU IRU WKH PHUJHG VFDQV 7DE  ZKLFK VXJJHVWV D UHGXFHG LQIOXHQFH RI RXWOLHUV 7KH
ELJJHVWGLIIHUHQFHFRPSDUHG WR WKHVLQJOHVFDQ'%+H[WUDFWLRQKRZHYHUDUHWKHFRQVLGHUDEOH
ORZHU506(¶VLUUHVSHFWLYHRIWKHH[WUDFWLRQPHWKRGWUHHVSHFLHVDQGFLUFOHILWDOJRULWKPV7DE
 7KH LPSURYHG DFFXUDF\ FDQ EH DWWULEXWHG WR D PRUH VWDEOH DQG DFFXUDWH FLUFOH ILW ZKLFK
UHVXOWVIURPWKHIXOOFRYHUDJHRIVWHPFURVVVHFWLRQVDQGWKHUHGXFHGLQIOXHQFHRIRXWOLHUVGXHWR
WKLVLPSURYHGFRYHUDJH$VDOUHDG\PHQWLRQHGWKLVLVGHPRQVWUDWHGE\WKHUHGXFHGLQIOXHQFHRI
WKH'%+H[WUDFWLRQPHWKRGV DQG FLUFOH ILW DOJRULWKPV IRU WKHPHUJHG FRPSDUHG WR WKH VLQJOH
VFDQV7DE 
3.3 Stem volume extraction 
7KH HVWLPDWLRQ RI VWHP YROXPH LV D PDLQ REMHFWLYH LQ IRUHVW LQYHQWRU\ LQ SDUWLFXODU IURP D
FRPPHUFLDO SRLQW RI YLHZ %LHQHUW HW DO  %\ FRQWUDVW WR WUDGLWLRQDO PHWKRGV 7/6
SRWHQWLDOO\DOORZVIRUDGLUHFWPHDVXUHPHQWRIVWHPYROXPHDQGWKHUHIRUHFRXOGEHDYDOXDEOH
WRROIRUIRUHVWLQYHQWRU\2QHRIWKHDLPVRIWKLVVWXG\ZDVWRDVVHVVWKHGLIIHUHQFHVLQWKHVWHP
YROXPH HVWLPDWHV EDVHG RQ VLQJOH DQG PHUJHG VFDQ GDWD DQG EDVHG RQ GLIIHUHQW FLUFOH ILW
DOJRULWKPV:KLOHVWHPYROXPHVH[WUDFWHGIURPWKHPHUJHGVFDQVVKRZDQH[FHOOHQWDJUHHPHQW
ZLWKPHDQGHYLDWLRQVUDQJLQJIURP WRVWHPYROXPHVH[WUDFWHGIURPWKHVLQJOHVFDQV
YDU\ IURP WR7DE7KHKLJKHUYDULDELOLW\PDLQO\ UHVXOWV IURP WKH LQIHULRUVWHP
GLDPHWHUH[WUDFWLRQEDVHGRQ WKHVLQJOH7/6VFDQV FI VHFWLRQ+RZHYHU WKH UHVXOWVDOVR
GHPRQVWUDWH WKDW LW LVSRVVLEOH WRDFKLHYHJRRGVWHPYROXPHHVWLPDWHV IURPVLQJOH VFDQVZLWK
HUURUV DV ORZDV 7DE KRZHYHU WKLV UHTXLUHV D FDUHIXODQGSRWHQWLDOO\ WLPHFRQVXPLQJ
VFDQQHU SRVLWLRQLQJ $V ZLWK WKH VWHP GHWHFWLRQ WKH UHVXOWV UHYHDO WKHPDLQ OLPLWDWLRQ RI WKH
VLQJOHVFDQPRGHZKLFKLVWKHVKDGRZLQJE\VWHPVEUDQFKHVDQGOHDYHV'XHWRWKLVHIIHFWRQO\
WRRIWKHVLQJOHVFDQVFRXOGHIIHFWLYHO\EHXVHGWRH[WUDFWVWHPSURILOHVDQGYROXPHVLQ
WKLVVWXG\7DE

7DEOH7/6VWHPYROXPHGHYLDWLRQVIURPWKHUHIHUHQFHYROXPH>@'HYLDWLRQVDUHPHDQYDOXHVRIWKH
WKUHHGLIIHUHQWFLUFOHILWDOJRULWKPV7KHGDVKLQGLFDWHVHLWKHUDQLQFRPSOHWHVWHPSURILOHGXHWRSDUWLDO
RFFOXVLRQRUQRQYLVLELOLW\WRWKHVFDQQHUGXHWRFRPSOHWHVKDGRZLQJ
7UHH 6FDQ 6FDQ 6FDQ 6FDQ 6FDQ 6FDQ 0HUJHG6FDQV
       
       
       
       
       
       
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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
)LJXUH&RPSDULVRQRIUHIHUHQFHDQGVWHPSURILOHVGHULYHGIURPWKHVLQJOHDQGPHUJHG7/6VFDQV5HG
OLQH UHIHUHQFHSURILOHGRWWHGOLQHV PLQDQGPD[RIVLQJOHVFDQSURILOHVVROLGOLQH VWHPGLDPHWHU
SURILOHVGHULYHGIURPWKHVLQJOHPHDQDQGPHUJHGVFDQV

4. Discussion 
5HVHDUFK LQ UHFHQW\HDUVKDVSURYHQ WKDW WHUUHVWULDO ODVHU VFDQQLQJ 7/6 LV DYDOXDEOH WRRO WR
DVVHVVYHJHWDWLRQVWUXFWXUH LQSDUWLFXODUZLWKUHJDUG WR WUDGLWLRQDO IRUHVW LQYHQWRU\SDUDPHWHUV
HJ0DDVHWDO+RZHYHUWKHUHDUHQXPEHURIIDFWRUVZKLFKLQIOXHQFHWKHLQIRUPDWLRQ
H[WUDFWLRQ IURP7/6GDWDDQGZKLFKQHFHVVLWDWH IXUWKHUUHVHDUFK LQSDUWLFXODU LI7/6LV WREH
URXWLQHO\ XVHG LQ IRUHVW LQYHQWRU\ 7KH SUHVHQW VWXG\ WKHUHIRUH IRFXVHG RQ DVVHVVLQJ WKH
LQIOXHQFH RI FLUFOH ILWWLQJ DQG VFDQ PRGH RQ WKH DXWRPDWLF H[WUDFWLRQ RI VWHP GLDPHWHU DQG
YROXPH7RDVVHVVWKHHIIHFWRIVWHPGHQVLW\VFDQVZHUHFROOHFWHGIRUWZRGLIIHUHQWIRUHVWSORWV
FRPSDUHGWRVWHPVKD:HSURSRVHDIXOO\DXWRPDWHGDQGHIILFLHQWDSSURDFKWRVWHP
GHWHFWLRQ VWHPGLDPHWHUDQGYROXPHH[WUDFWLRQ6WHPGHWHFWLRQ LVEDVHGRQ UDQJHGLIIHUHQFHV
EHWZHHQQHLJKERXULQJSL[HOVRIKRUL]RQWDOVOLFHVH[WUDFWHGIURPWKHUDQJHLPDJHVRIVLQJOH7/6
VFDQV0HDQVWHPGHWHFWLRQUDWHVUDQJHIURPWRIRUWUHHVZLWKDQXQREVWUXFWHGILHOGRI
YLHZ WR WKH VFDQQHU DQG IURP  WR  IRU DOO WUHHVZLWKLQ D GLVWDQFH RI P IURP WKH
VFDQQHU(TXDOO\ LPSRUWDQW IDOVHGHWHFWLRQ UDWHV DUH ORZ  WR$QDO\VLV UHYHDOHG WKDW
ERWKVWHPGHQVLW\DQGQXPEHURIVOLFHVXVHGLQWKHVWHPGHWHFWLRQDOJRULWKPKDYHDVLJQLILFDQW
HIIHFW RQ GHWHFWLRQ UDWHV 7KLV FDQ EH DWWULEXWHG WR WKH PDLQ OLPLWDWLRQ RI WKH VLQJOH VFDQ
DSSURDFKWKHVKDGRZLQJRIVWHPVE\RWKHUYHJHWDWLRQFRPSRQHQWV6KDGRZLQJGHSHQGVRQWKH
VWDQGVWUXFWXUHZKLFKLWVHOILVLQIOXHQFHGE\DQXPEHURIIDFWRUVHJVWHPGHQVLW\WUHHVSHFLHV
FRPSRVLWLRQDQGDJHFDQRS\OD\HULQJGHJUHHRIXQGHUJURZWKDQGIRUHVWPDQDJHPHQWSUDFWLFHV
VXFKDVWKLQQLQJ7KHVKDGRZLQJHIIHFWVFRXOGEHUHGXFHGE\XVLQJPHUJHGVFDQVZKLFKKDYH
WKH DGYDQWDJH RI DQ LPSURYHG ' FRYHUDJH HJ %LHQHUW HW DO  EXW PD\ QRW OHQG
WKHPVHOYHVHDVLO\WRVWHPGHWHFWLRQDSSURDFKHVDVVLPSOHDQGHIILFLHQWDVWKRVHEDVHGRQVLQJOH
7/6VFDQV   
7KHSURSRVHGH[WUDFWLRQRI VWHPGLDPHWHU DQGYROXPH LVEDVHGRQFLUFOH ILWWLQJ WR VWHPSRLQW
FORXGVOLFHVRIVLQJOHDQGPHUJHGVFDQV$GGLWLRQDOO\WKUHHGLIIHUHQWFLUFOHILWDOJRULWKPVZHUH
WHVWHG'%+LVGHWHUPLQHGEDVHGRQH[WUDFWLQJWKHGLDPHWHUDWWKHQRPLQDOEUHDVWKHLJKWDVZHOO
DVEDVHGRQD UREXVW OLQHDU ILW RI WKHGLDPHWHUSURILOH%RWKPHWKRGV\LHOG'%+ZKLFKDJUHH
FORVHO\ZLWKUHIHUHQFH'%+7KHOLQHDUILWDSSURDFKKRZHYHUSURYHGWREHPRUHUREXVWIRUWKH
VLQJOH VFDQV 506(¶V UDQJH IURP ± FP FRPSDUHG WR ± FP IRU WKH GLUHFW
H[WUDFWLRQPHWKRG:LWKUHJDUGWRWKHGLIIHUHQWFLUFOHILWDOJRULWKPVWKH/HPHQPHWKRG
VKRZHGWKHEHVWRYHUDOOSHUIRUPDQFHDQGZDVDOVRIRXQGWREHPRUHUREXVWLQFDVHRIQRLV\GDWD
7KLVLVUHIOHFWHGLQORZHU506(¶VIRUWKHGLUHFW'%+H[WUDFWLRQZKLFKLVSURQHWRHUURUVLQWKH
JURXQGOHYHOGHWHUPLQDWLRQ&RPSDUHGWRWKHVLQJOHVFDQVWKH'%+H[WUDFWLRQIURPWKHPHUJHG
VFDQGDWDSURYHGWREHVXSHULRUZLWKVLJQLILFDQWORZHU506(¶V±FP7KHLPSURYHG
DFFXUDF\ LV GXH WR D PRUH VWDEOH FLUFOH ILWWLQJ DV D UHVXOW RI WKH IXOO FRYHUDJH RI VWHP
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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FURVVVHFWLRQVZKLFKDOVRKDVWKHDGYDQWDJHRIUHGXFLQJWKHLQIOXHQFHRIRXWOLHUVDVUHIOHFWHGLQ
WKHVPDOOHUGLIIHUHQFHVEHWZHHQWKH'%+HVWLPDWHVIURPWKHGLIIHUHQWFLUFOHILWDOJRULWKPVDQG
'%+H[WUDFWLRQPHWKRGV7DE7KHVXSHULRUSHUIRUPDQFHRIWKHGLDPHWHUH[WUDFWLRQIURPWKH
PHUJHGVFDQVLVDOVRUHIOHFWHGLQWKHFRUUHVSRQGLQJVWHPYROXPHHVWLPDWHVZKLFKH[KLELWRQO\
VPDOO GHYLDWLRQV IURP WKH UHIHUHQFH YROXPH  WR  FRPSDUHG WR WKH VWURQJO\ YDU\LQJ
VLQJOHVFDQHVWLPDWHVWR 
7KLV VWXG\GHPRQVWUDWHV WKDW WKH VFDQPRGHKDVD VLJQLILFDQWHIIHFWRQ WKHVWHPGLDPHWHUDQG
YROXPH H[WUDFWLRQ IURP 7/6 GDWD LH HVWLPDWLRQ HUURUV EDVHG RQ PHUJHG VFDQV DUH ORZHU
FRPSDUHG WR WKRVH EDVHG RQ VLQJOH VFDQV %\ FRQWUDVW WKH HIIHFW RI XVLQJ GLIIHUHQW FLUFOH ILW
DOJRULWKPV LV PDUJLQDO DQG FDQ EH QHJOHFWHG +RZHYHU VLQFH WKH IDFWRUV LQIOXHQFLQJ WKH
SDUDPHWHU UHWULHYDO IURP 7/6 GDWD DUH LQWHUFRQQHFWHG IXUWKHU UHVHDUFK LQWR WKHLU FRPELQHG
HIIHFWV LV UHTXLUHG 7KLV ZLOO EH DGGUHVVHG LQ D IROORZXS VWXG\ :KLOH PHUJHG VFDQ GDWD
SHUIRUPV VXSHULRU LQ WHUPV RI WKH SDUDPHWHU HVWLPDWLRQ LW VXIIHUV IURP D WHGLRXV DQG
WLPHFRQVXPLQJ PHDVXUHPHQW VHWXS 7KLV LQGLFDWHV DQ LPSRUWDQW FRQVLGHUDWLRQ IRU WKH
LQWHJUDWLRQRI7/6LQWRIRUHVW LQYHQWRU\WKHRSWLPL]DWLRQRIWKHVDPSOLQJGHVLJQQXPEHUDQG
SRVLWLRQLQJRIVFDQVVFDQUHVROXWLRQHWFWRHQVXUHVDPSOLQJHIILFLHQF\7KLVPD\DOVRLQFOXGH
DQ RSWLPL]DWLRQZLWK UHVSHFW WR WKH EDVLF LQYHQWRU\ SDUDPHWHUV DQG WR WKH YDULDELOLW\ LQ VWDQG
VWUXFWXUH'HVSLWHWKHVHLVVXHV7/6KDVSURYHQWREHDYDOXDEOHWRROIRUWKHUHWULHYDORIVWUXFWXUDO
IRUHVWSDUDPHWHUVDQGLWLVWREHH[SHFWHGWKDW7/6ZLOOEHFRPHDVWDQGDUGLQIRUHVWLQYHQWRU\    
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Modelling variation in Pinus radiata stem velocity from area- and 
crown- based LiDAR metrics 
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2. Introduction 
 
$VVHVVPHQW RI VWDQGLQJ IRUHVW UHVRXUFH LV HVVHQWLDO WR HIIHFWLYH IRUHVWPDQDJHPHQW&XUUHQWO\
DVVHVVPHQW LQ 1HZ =HDODQG LV ODUJHO\ EDVHG RQ JURXQG PHDVXUHPHQWV /L'$5 LV D UHPRWH
VHQVLQJWHFKQRORJ\UDSLGO\EHLQJDGRSWHGIRUDSSOLFDWLRQVLQIRUHVWPDQDJHPHQW$HULDO/L'$5
VFDQQLQJ $/6 LV DOUHDG\ XVHG LQ WKH 1HZ =HDODQG QDWLRQDO &DUERQ DVVHVVPHQW V\VWHP
/8&$66WHSKHQVHWDODQGLVXVHGRSHUDWLRQDOO\IRUIRUHVWPDQDJHPHQWLQ$XVWUDOLDE\
)RUHVWU\7DVPDQLD7XUQHUHWDO2SHUDWLRQDOXVHRI$/6LQIRUHVWU\LVODUJHO\EDVHGRQ
DUHDEDVHGPHWULFVRIWHQUHIHUUHGWRDVJULGPHWULFVZKHUHVWDWLVWLFDOSURSHUWLHVRIWKHVSDWLDO
GLVWULEXWLRQRI/L'$5SRLQWVDUHJHQHUDWHGRYHUD UHFWLOLQHDUJULG7KHVWDWLVWLFDOJULGPHWULFV
DUHWKHQXVHGLQPRGHOVWRHVWLPDWHYDULDEOHVRILQWHUHVWVXFKDVPHDQWRSKHLJKWEDVDODUHD
VWHPYROXPH DQG FDUERQ%HFDXVH WKHPHWULF GDWD XVHG LQPRGHOOLQJ LV RQ D JULG VD\  E\
PWKHYDULDEOHVRILQWHUHVWDUHWKXVDEOHWREHPDSSHGDVUDVWHUOD\HUVDWWKLVUHVROXWLRQ7KH
YDULDEOHVFDQDOVREHDYHUDJHGWRREWDLQVWDQGRUVWUDWXPOHYHOHVWLPDWHVDVFRQYHQWLRQDOJURXQG
LQYHQWRU\ZRXOGSURYLGH

$NH\SUHPLVHRIRXUUHVHDUFKSURMHFWKDVEHHQWKDWPHDVXUHPHQWRIFURZQFKDUDFWHULVWLFVVXFK
DVFURZQVL]HDQGDV\PPHWU\PLJKWGHOLYHUPRUHGHWDLOHGLQIRUPDWLRQDERXWDUHVRXUFHSHUKDSV
LQWHUPVRISLHFHVL]HORJJUDGHRUZRRGTXDOLW\0HWKRGRORJ\WRVHJPHQWLQGLYLGXDOWUHHVKDV
EHHQ DSSOLHG WR /L'$5 GDWD )XUWKHU SURFHVVLQJ RI WKH VHJPHQWHG /L'$5 GDWD DOORZV WKH
FDOFXODWLRQRIDQXPEHURIFURZQEDVHGPHWULFVIRUHDFKWUHH&KHQHWDODQG-XQJHWDO
 XVHG LQGLYLGXDO WUHH FURZQ PHWULFV GHULYHG IURP /L'$5 WR HVWLPDWH WUHH EDVDO DUHD
YROXPH DQG ELRPDVV EXW GLG QRW LQYHVWLJDWH ZRRG SURSHUWLHV 0DOWDPR HW DO 
VXFFHVVIXOO\XVHGDPL[WXUHRIDUHDDQGFURZQEDVHG/L'$5PHWULFVWRHVWLPDWH'%+KHLJKW
FURZQ KHLJKW KHLJKW RI ORZHVW EUDQFK YROXPH DQG SURSRUWLRQ RI VDZORJV IRU 6FRWV SLQH LQ
)LQODQG ,Q D UHFHQW UHYLHZ SDSHU WKH EHQHILWV DQG SRWHQWLDO RI DVVHVVLQJ ZRRG TXDOLW\ IURP
/L'$5ZHUHFOHDUO\GHVFULEHGYDQ/HHXZHQHWDO7KLVSDSHUFRYHUV WKHXVHRIDUHD
DQG FURZQ EDVHG/L'$5PHWULFV WR HVWLPDWH VWDQGLQJ WUHH RXWHUZRRG DFRXVWLF YHORFLW\ 9
ZKLFKLVNQRZQWREHFRUUHODWHGZLWKVWLIIQHVV±DQLPSRUWDQWZRRGTXDOLW\PHDVXUH 

2. Method 
 
2.1 Data collection 
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2.1.1 Study area 

7KHGDWD IRU WKLV VWXG\ZDVREWDLQHG IURPD IRUHVW ORFDWHG LQ(DVWHUQ%D\RI3OHQW\RQ VWHHS
FRXQWU\ZLWKDQHOHYDWLRQUDQJHRIDSSUR[LPDWHO\WRPHWUHVDERYHVHDOHYHO7KHIRUHVW
LVDILUVWURWDWLRQSODQWHGRQWRFOHDUHGQDWLYHIRUHVW 

2.1.2 Plot establishment 

$ VWDQGDUG SUHKDUYHVW LQYHQWRU\ ZDV LQVWDOOHG XVLQJ WKH VWDQGKDUYHVWLQJ ERXQGDULHV DV
LQYHQWRU\SRSXODWLRQ ,Q WRWDOSORWVZHUH LQVWDOOHG LQ WKH VWDQGVZKHUH WKH WUHHVZHUHVWLOO
VWDQGLQJDWWKHWLPHRILQYHQWRU\7KHVHSORWVUHSUHVHQWHGDVDPSOHDUHDRIKHFWDUHV7KH
FLUFXODUSORWVZHUHODLGRXWZLWKLQHDFKSRSXODWLRQRQDV\VWHPDWLFJULGDVLVQRUPDOSUDFWLFHLQ
1HZ =HDODQG IRUHVW LQYHQWRU\ 7KH SORW VL]H YDULHG IURP SRSXODWLRQ WR SRSXODWLRQ VR WKDW D
WDUJHWRIDSSUR[LPDWHO\RI WUHHVSHUSORWFRXOGEHREWDLQHG7KHH[DFWORFDWLRQRI WKHSORWV
ZHUHPHDVXUHGXVLQJDKLJKJUDGH*36DQGSRVWSURFHVVLQJGLIIHUHQWLDOFRUUHFWLRQFDUULHGRXW
:LWKLQHDFKSORWDOOWUHHVZHUHPHDVXUHGIRUGLDPHWHUZLWKDVXEVHWRIKHLJKWVEHLQJPHDVXUHG
7KHILHOGGDWDZDVFROOHFWHGLQWKHHDUO\SDUWRI

2.1.3 Outerwood velocity 

2XWHUZRRGDFRXVWLFYHORFLW\9ZDVPHDVXUHGLQRIWKHLQYHQWRU\SORWV3ORWVZHUHVHOHFWHG
WR FRYHU WKH UDQJH LQ VWHP VOHQGHUQHVV DQG VWRFNLQJ SUHVHQW WKURXJKRXW WKH IRUHVW :KHUH
SRVVLEOHPHDVXUHPHQWVZHUHWDNHQIURPDWOHDVWWUHHVZLWKLQWKHSORW 

9HORFLW\PHDVXUHPHQWVZHUH WDNHQXVLQJ WKH67 WRRO'XH WKH VWHHSQHVVRI WKH VLWH WKHVH
ZHUHWDNHQIURPWKHXSKLOOVLGHRIWKHWUHHDQGFHQWUHGZKHUHSRVVLEOHRQEUHDVWKHLJKWP
7ZRPHDVXUHPHQWVZHUH WDNHQRQHDFKVWHPZLWKSUREHVSODFHGDSSUR[LPDWHO\PDSDUWDQG
DYRLGLQJ SDWKV WKDW ZRXOG LQFOXGH DQ\ ODUJH EUDQFK VWXEV RU REYLRXV PDOIRUPDWLRQV
0HDVXUHPHQWSDWKVZHUHORFDWHGDVFORVHDVSRVVLEOHWRGHJUHHVDSDUW

2.2 Predictive variables included in the modelling 
 
2.2.1 LiDAR dataset 

7KHVWXG\VLWHZDVIORZQIRU/L'$5GDWDDQGDHULDOLPDJHU\E\1HZ=HDODQG$HULDO0DSSLQJ
EHWZHHQ0D\DQG-XQHXVLQJ1=$HULDO0DSSLQJ¶V2SWHFK$/70($/L'$5
V\VWHP 6(1 DQG 7ULPEOH $,& PHGLXP IRUPDW GLJLWDO FDPHUD 7KH /L'$5 GDWD ZDV
FROOHFWHGDWDPLQLPXPRISWVSHUPRQRSHQJURXQG7KHUDZ/L'$5GDWDZDVSURFHVVHGE\
WKH VXSSOLHU LQWR /$6 IRUPDW JHRUHIHUHQFHG LQWR WKH 1HZ =HDODQG 7UDQVYHUVH 0HUFDWRU
1=70FRRUGLQDWHV\VWHP

2.2.2 Area-based metrics 

7KH VRIWZDUH SDFNDJH )86,21 0F*DXJKH\ HW DO ZDV XVHG IRUPDQ\ RI WKH /L'$5
SURFHVVLQJWDVNV3ORWORFDWLRQVPHDVXUHGXVLQJKLJKJUDGHGLIIHUHQWLDOO\FRUUHFWHG*36ZHUH
XVHGWRH[WUDFWVHFWLRQVRI/L'$5GDWDUHODWLQJWRHDFKSORWDVVXPLQJDFLUFXODUSORWFHQWUHGRQ
WKH *36 ORFDWLRQ )XVLRQ &OLS'DWD ZDV XVHG IRU WKLV DV ZHOO DV JHQHUDWLQJ WKH DUHDEDVHG
/L'$5 KHLJKW PHWULFV XVHG LQ DQDO\VLV &ORXG0HWULFV 7KH KHLJKW PHWULFV ZHUH JHQHUDWHG
XVLQJ DPDQXDOO\ FRUUHFWHG 'LJLWDO 7HUUDLQ0RGHO '70 VXSSOLHG E\ WKH GDWD SURYLGHU $OO
UHWXUQVZLWKLQPRIWKHJURXQGZHUHHOLPLQDWHGWRUHPRYHWKHHIIHFWVRIXQGHUVWRU\

2.2.3 Crown-based metrics 

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)XVLRQZDVXVHG WRJHQHUDWHDFDQRS\KHLJKWPRGHO &+0IURPWKH/L'$5&DQRS\0RGHO
DQG FRQYHUWHG WR D 7,) LPDJH '707,) 7KH &+0 7,) LPDJH ZDV SURFHVVHG ZLWK D
ZDWHUVKHGVHJPHQWDWLRQSURFHVVFDOLEUDWHGE\FRPSDULQJQXPEHUVRIWUHHVLQJURXQGSORWVWKH
SUHKDUYHVWLQYHQWRU\SORWVLQWKLVFDVHZLWKQXPEHUVRIWUHHVLGHQWLILHGLQWKHVDPHORFDWLRQRQ
WKH&+0PLQLPLVLQJRYHURUXQGHUVHJPHQWDWLRQ7KHRXWSXWRIWKHVHJPHQWDWLRQSURFHVVLVD
VHW RI ERXQGDULHV DURXQG LQGLYLGXDO WUHHV 7KH ERXQGDULHV DUH DGMXVWHG WR H[FOXGH DUHDV RI
JURXQGRUORZXQGHUVWRU\DGMDFHQWWRVRPHWUHHVJLYLQJPRUHDFFXUDWHFURZQERXQGDULHV7KH
ERXQGDU\DQGFURZQWKUHHGLPHQVLRQDOVKDSHDVUHSUHVHQWHGLQWKH&+0LPDJHDUHDQDO\VHGWR
JHQHUDWH D QXPEHU RI FURZQPHWULFV IRU HDFK WUHH 3ORW ORFDWLRQV DUH XVHG WR DYHUDJH FURZQ
PHWULFVIRUDOOWUHHVIDOOLQJZLWKLQHDFKSORWDUHDDQGDILOHRISORWOHYHOFURZQPHWULFVFUHDWHG
7KH SORWOHYHO FURZQEDVHG PHWULFV ZHUH WKHQ FRPELQHG ZLWK WKH JURXQG SORW GDWD DQG
DUHDEDVHG/L'$5SORWPHWULFVIRUDQDO\VLV

2.2.4 Grid metrics for model estimation 

,QRUGHU WR H[WUDSRODWH WKH UHODWLRQVKLS HVWDEOLVKHGDW WKH VDPSOHGSORW ORFDWLRQV WR WKHZKROH
IRUHVW )86,21 ZDV XVHG WR JHQHUDWH /L'$5 JULG PHWULFV IRU WKH IRUHVW RQ D P [ P
KDJULG*ULG0HWULFV7KLVJULGZDVFRQYHUWHGWR$6&,,WH[W&69*ULGDQGFRPELQHG
ZLWKLQGLYLGXDOFURZQPHWULFVDYHUDJHGRQWRWKHVDPHUHFWLOLQHDUJULG7KHFRPELQHGDUHDDQG
FURZQ EDVHG PHWULF GDWD ZDV WKHQ FOLSSHG ZLWK VWDQG DUHD VKDSHILOHV DQG WKH SUHGLFWLYH
HTXDWLRQ IRU9 DSSOLHG LQ WKH 3\WKRQ QXPHULFDO SURJUDPPLQJ HQYLURQPHQW 7KLV SURGXFHG D
VSDWLDOPDSRI9ZLWKLQWKHVWDQGDUHDV

2.3 Analysis 

0RGHOVXVHGWRSUHGLFWRXWHUZRRGYHORFLW\ZHUHJHQHUDWHGXVLQJ6$66$6,QVWLWXWH,QF
XVLQJDJHQHUDO OLQHDUPRGHO 352&*/09DULDEOHVZHUH LQWURGXFHG VHTXHQWLDOO\ LQWRHDFK
PRGHOVWDUWLQJZLWKWKHYDULDEOHWKDWH[KLELWHGWKHVWURQJHVWFRUUHODWLRQXQWLOIXUWKHUDGGLWLRQV
ZHUHHLWKHUQRWVLJQLILFDQWQRWSK\VLRORJLFDOO\UHDVRQDEOHRUGLGQRWPDUNHGO\LPSURYHPRGHO
SUHFLVLRQ 

9DULDEOHVHOHFWLRQZDVXQGHUWDNHQPDQXDOO\RQHYDULDEOHDWDWLPHDQGSORWVRIUHVLGXDOVZHUH
H[DPLQHGSULRUWRYDULDEOHDGGLWLRQWRHQVXUHWKDWWKHYDULDEOHZDVLQFOXGHGLQWKHPRGHOXVLQJ
WKHOHDVWELDVHGIXQFWLRQDOIRUP

3. Results 
 
3.1 Crown-based metrics 

)LJXUH  VKRZV WKH &+0 LPDJH LQSXW WR WKH VHJPHQWDWLRQ SURFHVV DQG )LJXUH  VKRZV WKH
FURZQERXQGDULHVSURGXFHGIRUVWDQGDUHD

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
)LJXUH&+0LPDJHIRUVWDQGDUHD7KHLQVHWDWWRS
ULJKWVKRZVWKHDUHDLQWKHEODFNER[PDJQLILHG3ORW
ERXQGDULHVDUHRXWOLQHGLQOLJKWUHG

)LJXUH6HJPHQWDWLRQUHVXOWVIRUVWDQGDUHD7KH
LQVHWDWWRSULJKWVKRZVWKHDUHDLQWKHEODFNER[
PDJQLILHG3ORWERXQGDULHVDUHRXWOLQHGLQOLJKWUHG
&URZQERXQGDULHVDUHGUDZQLQJUHHQ7UHHWRSVDUH
PDUNHGZLWKDEOXHGRW

$WRWDORIWUHHVZHUHLGHQWLILHGLQVWDQGDUHDDQGDQXPEHURIPHWULFVFDOFXODWHGIRUHDFK
FURZQ &URZQ PHWULFV LQFOXGHG SURMHFWHG DUHD VXUIDFH DUHD YROXPH SHULPHWHU UDGLXV
FRPSDFWQHVVDQGDVSHFWUDWLR

7KHEHVWVWDWLVWLFDOPRGHO WKDWLQFOXGHGRQO\DUHDEDVHG/L'$5PHWULFVH[SODLQHGRI WKH
YDULDWLRQLQ9,QWKLVPRGHOWKHVWDQGDUGGHYLDWLRQLQ/L'$5KHLJKWVZDVLQFOXGHGDVDSRVLWLYH
OLQHDUWHUP7KHPRGHOKDGDQ506(RINPVDQGZDVGHVFULEHGDV

9 +6'       

7KH RYHUDOO PRGHO ZDV VLJQLILFDQW 3  DV ZDV +6' VWDQGDUG GHYLDWLRQ RI KHLJKW 
3$SORWRIPRGHOSUHGLFWLRQVDJDLQVWDFWXDOYHORFLW\VKRZHGOLWWOHDSSDUHQWELDV)LJ
DOWKRXJKWKHUHZDVRQHRXWOLHUZLWKORZYHORFLW\ 

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 
)LJXUH5HODWLRQVKLSEHWZHHQSUHGLFWHGDQGDFWXDO
YHORFLW\GHYHORSHGIURPPRGHOZLWK/L'$5RQO\
PHWULFV)RUUHIHUHQFHWKHOLQHLVVKRZQDVD
GDVKHGOLQH

 
)LJXUH5HODWLRQVKLSEHWZHHQSUHGLFWHGDQG
DFWXDOYHORFLW\GHYHORSHGXVLQJDUHDDQG
FURZQEDVHG/L'$5PHWULFV)RUUHIHUHQFHWKH
OLQHLVVKRZQDVDGDVKHGOLQH


$PRGHOXVLQJDPL[WXUHRIDUHDEDVHGDQGFURZQPHWULFVZDVPRUHSUHFLVHH[SODLQLQJRI
WKHYDULDWLRQLQ9,QWKLVPRGHOWKHFRHIILFLHQWRIYDULDWLRQIRU/L'$5KHLJKWVDQGFURZQDVSHFW
UDWLRZHUH LQFOXGHG DV SRVLWLYH OLQHDU WHUPVZKLOH WKH FURZQSRO\JRQ DUHDZDV LQFOXGHG DV D
QHJDWLYHOLQHDUWHUP

7KHPRGHOKDGDQ506(RINPVDQGZDVGHVFULEHGDV

9 &3$+&9&$5     (2) 

7KHRYHUDOOPRGHOZDVVLJQLILFDQWDVZHUHDOOYDULDEOHV3$SORWRISUHGLFWLRQVDJDLQVW
DFWXDOYHORFLW\ZDVUHODWLYHO\XQELDVHG)LJ

3.2 Spatial description of velocity 

6SDWLDOYDULDWLRQLQ9XVLQJWKHPRGHOGHVFULEHGE\(TXDWLRQLVVKRZQLQ)LJ9HORFLW\ZDV
YDULDEOHZLWKLQVWDQGVDQGWKHUHZHUHVOLJKWEXWREVHUYDEOHGLIIHUHQFHVEHWZHHQVRPHVWDQGV

6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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
)LJXUH6SDWLDOGLVWULEXWLRQRIYHORFLW\SUHGLFWHGZLWKWKHPRGHOXVLQJFURZQDQGDUHDEDVHG/L'$5
PHWULFVVHH(TQ
 
4. Discussion 

&ORVH H[DPLQDWLRQ RI YHORFLW\ HVWLPDWHV DQG FURZQ VHJPHQWDWLRQ VKRZHG ORZ YHORFLW\ RIWHQ
RFFXUUHGLQDUHDVRIWUHHVZLWKODUJHFURZQV7KLVREVHUYDWLRQLVVXSSRUWHGE\WKHPDLQYDULDEOH
LQWKHPRGHO(TQEHLQJFURZQSRO\JRQDUHDWKHSURMHFWHGDUHDRIWKHFURZQDVDQHJDWLYH
OLQHDUWHUP7UHHVZLWKODUJHFURZQVRIWHQRFFXUUHGDWVWDQGHGJHVRUDGMDFHQWWRLQWHUQDOVWDQG
JDSV $ FOHDU FKDQJH IURP KLJK WR ORZ YHORFLW\ LV SUHGLFWHG DW WKH ERXQGDU\ EHWZHHQ WZR
DGMDFHQWVWDQGVZKLFKOLHVRQDULGJHRULHQWHGHDVWZHVWLQWKHVRXWKZHVWFRUQHURIWKHPDSSHG
DUHD )LJ  ([DPLQDWLRQ RI WKH FDQRS\ LPDJHV DW WKLV ERXQGDU\ VKRZHG ODUJHU FURZQ VL]H
QRUWKRIWKHERXQGDU\DVVRFLDWHGZLWKORZHUVWRFNLQJVHH)LJ
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)LJXUH6SDWLDOGLVWULEXWLRQRIVWRFNLQJ 
 
7KHFRQWULEXWLRQRIWKHYDULDEOH+6'WRWKHILUVWPRGHO(TQDQGWKHYDULDEOHV+&9FRHIILFLHQWRI
YDULDWLRQIRU/L'$5KHLJKWVDQG&$5FURZQDVSHFWUDWLRWRWKHVHFRQGPRGHO(TQDUHQRWVR
FOHDU6WHSKHQVHWDOQRWHWKDW+&9LVRIWHQIRXQGXVHIXOIRUHVWLPDWLQJEDVDODUHDYROXPHDQG
ELRPDVVKLJK+&9DVVRFLDWHGZLWKVSDUVHRSHQFDQRSLHVORZ+&9ZLWKGHQVHFORVHGFDQRSLHV+&9LV
+6'VWDQGDUGGHYLDWLRQRIKHLJKWVGLYLGHGE\PHDQKHLJKWHIIHFWLYHO\DVWDQGDUGLVHGIRUPRI+6'
7KH WZR YDULDEOHV DUH VLPLODU ERWK EHLQJPHDVXUHV RI WKH YDULDELOLW\ RI KHLJKW DQG DSSHDULQJ DV
SRVLWLYHOLQHDUWHUPVLQWKHWZRPRGHOV7KHLPSOLFDWLRQLVDUHDVRIVSDUVHRSHQFDQRSLHVKLJK+&9
DQG +6' DUH DVVRFLDWHG ZLWK KLJK 9 ,W LV QRW REYLRXV KRZ WR UHFRQFLOH WKLV ZLWK WKH HDUOLHU
REVHUYDWLRQWKDWDUHDVZLWKVPDOOFURZQVORZ&3$DQGORZVWRFNLQJDUHDVVRFLDWHGZLWKKLJK9

7KHGDWDDQDO\VHGFRYHUHGDUHODWLYHO\VPDOOUDQJHRI97KHUHODWLRQVKLSEHWZHHQFURZQDUHD&3$
DQG9LVSODXVLEOH,QWHUHVWLQJO\RQWKLVGDWDVHWFURZQDUHDZDVDEHWWHUSUHGLFWRUWKDQVOHQGHUQHVVD
YDULDEOHNQRZQWRFRUUHODWHZHOOZLWK9)XUWKHUDQDO\VHVZLWKGDWDIURPVLWHVZLWKDEURDGHUUDQJH
RI 9 ZLOO EH QHFHVVDU\ WR GHWHUPLQH WKH DELOLW\ WR XVH DUHD DQG FURZQ EDVHGPHWULFV LQ UREXVW
PRGHOVRI9
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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
6WLIIQHVVLVZLGHO\UHSRUWHGWRFRUUHODWHZHOOZLWK96WLIIQHVVLVDNH\ZRRGTXDOLW\YDULDEOHFULWLFDO
WR GHWHUPLQLQJ \LHOGV RI VWUXFWXUDO ORJ DQG WLPEHU JUDGHV 7KH FXUUHQW PHWKRGRORJ\ WR JHQHUDWH
FURZQEDVHG/L'$5PHWULFV UHOLHVRQJURXQGSORWVXVHG WRFDOLEUDWHD WUHH VHJPHQWDWLRQSURFHVV
$UHDEDVHG/L'$5PHWULFVFDQEHJHQHUDWHGGLUHFWO\IURPWKH/L'$5SRLQWFORXGZLWKQRUHOLDQFH
RQJURXQGGDWD,WUHPDLQVWREHHVWDEOLVKHGLIWKHVXEVWDQWLDOLPSURYHPHQWLQSUHGLFWLRQRI9IURP
XVLQJ FURZQEDVHG/L'$5PHWULFVZDUUDQWV WKH H[WUD FRVW RI HVWDEOLVKLQJJURXQGSORWV ,I JURXQG
SORWV DUH DOUHDG\ UHTXLUHG DV SDUW RI D FRPSOHWH LQYHQWRU\ SODQ WKHQ FURZQEDVHGPHWULFV FDQ EH
PDGHDYDLODEOHZLWKDPLQLPDOH[WUDFRVWIRUWKHSRVWSURFHVVLQJRIWKH/L'$5 

.QRZOHGJH RI WKH VSDWLDO YDULDWLRQ LQ 9 UHSUHVHQWHG DV UDVWHU PDSV FRXOG EH XVHG LQ KDUYHVW
SODQQLQJ%HWWHUXQGHUVWDQGLQJRIWKHIDFWRUVGHWHUPLQLQJ9FRXOGEHXVHGWRLQIRUPVLOYLFXOWXUH,I
FURZQVL]H LQIOXHQFHGVWURQJO\E\VWRFNLQJ LVDNH\GULYHUDV LQGLFDWHG LQ WKLVSUHOLPLQDU\VWXG\
VWRFNLQJFRXOGEHPDQDJHGWRLQFUHDVH9
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1. Introduction 
7KH HPHUJHQFH RI VPDOOIRRWSULQW IXOOZDYHIRUP /,'$5 SURYLGHV D QHZ WUDLQ RI WKRXJKW IRU
ODQGFRYHU FODVVLILFDWLRQ 7KH ZLGWK DPSOLWXGH DQG LQWHQVLW\ DUH WKH PRVW LPSRUWDQW SK\VLFDO
SURSHUWLHVH[SORULQJIURPIXOOZDYHIRUPGDWD:DJQHUHWDO3HUVVRQHWDODQG:DJQHU
HW DO  VKRZHG WKDW WKH JURXQG SRLQWV WHQG WR KDYH ORZHU HFKR ZLGWKV DQG KLJKHU LQWHQVLW\
FRPSDUHG WR YHJHWDWLRQ SRLQWV 7KHUHIRUH ORZ YHJHWDWLRQ SRLQWV FDQ EH LGHQWLILHG DQG H[FOXGHG
EHIRUHILOWHULQJWHUUDLQSRLQWVVROHO\EDVHGRQWKHHFKRZLGWKDQGWKHEDFNVFDWWHUFURVVVHFWLRQ%ULHVH
HW DO$QGFRPELQLQJHFKRZLGWKDQGJHRPHWU\ LQIRUPDWLRQ OHDG WR DKLJKHUTXDOLW\RI WKH
GHULYHGWHUUDLQPRGHO'RQHXVHWDO8OOULFKHWDO)RUHVWDUHDVDUHWKHPDLQDSSOLFDWLRQ
RI IXOOZDYHIRUP /,'$5 GDWD VLQFH IRUHVW FDQRS\ WHQGV WR SURGXFH QXPHURXV PXOWLSOH UHWXUQV
EHWZHHQWKHILUVWDQGODVWSXOVH0DOOHWHWDO+RIOHHWDOLQGLFDWHWKDWPHDQHFKRZLGWK
LVDSSOLFDEOHWRVHSDUDWHODUFKIURPGHFLGXRXVWUHHV+ROODXVHWDOXVHWKHVWDQGDUGGHYLDWLRQ
RI WKH HFKR ZLGWK SHU FURZQ WR IXUWKHU VHSDUDWH VSUXFH IURP ODUFK 5HLWEHUJHU HW DO 
GHPRQVWUDWHG WKDW WKH PHDQ HFKR DPSOLWXGH RI VWHP SRLQWV FDQ DVVLVW WKH GLVFULPLQDWLRQ EHWZHHQ
FRQLIHURXV DQGGHFLGXRXV WUHHV 3XOVHZLGWK DQG WUHH JHRPHWU\ LQIRUPDWLRQZHUH DSSOLHG WR VLQJOH
WUHHVFODVVLILFDWLRQRIFRQLIHURXVDQGGHFLGXRXVDQG OHDG LQ WKHEHVWFDVH WRDQRYHUDOODFFXUDF\RI
LQDOHDIRQVLWXDWLRQDQGLQDOHDIRIIVLWXDWLRQ5HLWEHUJHUHWDO1HXHQVFKZDQGHU
HW DO  H[WUDFWHG  PHWULFV IURP IXOOZDYHIRUP GDWD DQG VHOHFWHG WKH PRVW LPSRUWDQW
SDUDPHWHUVIRUGLVFULPLQDWLQJGLIIHUHQWWUHHW\SHVDQGGHQVLWLHV-RKDQQHVDQG%DUEDUDXWLOL]HG
SDUDPHWHUVH[WUDFWHGIURPIXOOZDYHIRUP/LGDUWRFODVVLI\VL[WUHHVSHFLHVZLWKDQRYHUDOODFFXUDF\RI
WRIRXUPDLQVSHFLHVDQGWRFRQLIHUVDQGEURDGOHDYHGWUHHV
&DOLEUDWLRQLVWKHQHFHVVDU\VWHSLQTXDQWLWDWLYHDQDO\VLVRIUHPRWHVHQVLQJDQGLWLVWKHIRXQGDWLRQRI
D FODVVLILFDWLRQPHWKRG IRU ODUJH DUHD DSSOLFDWLRQ 6PDOOIRRWSULQW DLUERUQH /,'$5 GDWD LV XVXDOO\
FDSWXUHG E\PXOWLSOH RYHUODSSHG IOLJKWV WR FRYHU D ODUJH DUHD DQGPDQ\ IDFWRUV VXFK DV HPLVVLRQ
SXOVHIUHTXHQF\GLYHUJHQFHDQJOHSXOVHZLGWKVFDQDQJOHDWPRVSKHUHIOLJKWVSHHGGLVWDQFHWHUUDLQ
HWFPD\EHKDYLQJVRPHFKDQJHVLQWKHGLIIHUHQWIOLJKWV6RWKHUHPD\EHVRPHSUREOHPVRIFODVVLI\
GLIIHUHQW REMHFWV XVLQJ WKH LQIRUPDWLRQ H[WUDFWHG IURP IXOOZDYHIRUP GDWD GLUHFWO\ ZLWKRXW DQ\
FDOLEUDWLRQ$OWKRXJKVRPHVFKRODUVKDYHEHHQFDUULHGRXW VWXGLHVRI/,'$5GDWDFDOLEUDWLRQRQO\
IHZLQLWLDOVWXGLHVFRPELQHWKH/,'$5GDWDFDOLEUDWLRQDQGREMHFWFODVVLILFDWLRQHVSHFLDOO\LQIRUHVWU\
DSSOLFDWLRQ7KHUHIRUH WKH REMHFWLYH RI WKLV SDSHU LV WR XVH WKH FDOLEUDWHG*DXVVLDQ GHFRPSRVLWLRQ
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD


UHVXOWVRIIXOOZDYHIRUPGDWDWRFODVVLI\VLQJOHWUHHVVSHFLHVDQGHYDOXDWHWKHLPSDFWRIWKHUHODWLYH
UDGLRPHWULFFDOLEUDWLRQRIIXOOZDYHIRUP/,'$5GDWDRQWUHHVSHFLHVLGHQWLILFDWLRQ 
2. Material 
2.1 study area 
7KH VWXG\ DUHD LV ORFDWHG LQ WKH /LQJ6KXL 1DWLRQDO 1DWXUH 5HVHUYH <LFKXQ &LW\ +HLORQJMLDQJ
3URYLQFH 7KH FHQWHU JHRJUDSKLFDO FRRUGLQDWHV DUH DERXW ƍƎ( DQG ƍƎ1 ZLWK DQ
HOHYDWLRQUDQJLQJIURPPWRPDERYHWKHPHDQVHDOOHYHODQGDVORSHRIOHVVWKDQ0RUH
WKDQ  SHUFHQW RI WKLV DUHD LV FRYHUHG E\ IRUHVW 5HG 3LQH 3LQXV NRUDLHQVLV .R\DPD 6SUXFH
Picea koraiensis 'DKXULDQ /DUFKLarix gmelinii DQG )LU Abies nephrolepis DUH WKH PDLQ
FRQLIHURXV VSHFLHV :KLWH ELUFK Betula platyphylla Suk 5LEEHG ELUFK Betulla Costata
0DQFKXULDQOLQGHQ Tilia Mandschurica(OP Ulmus Laciniata DQG 0RQJROLDQ RDN Quercus 
MongolicaDUHWKHGRPLQDQWGHFLGXRXVVSHFLHV 
$PPVTXDUHDUHDZDVFKRVHQIURPWKH/LDQJ6KXLQDWXUDOUHVHUYHZKLFKLQFOXGHVDOPRVWDOO
WKHPDLQWUHHVSHFLHVRIWKHIOLJKW/,'$5GDWDVHH)LJXUH)RUHDFKWUHHLQWKHSORWWKHVSHFLHV
ZDVUHFRUGHGDQGWKHGLDPHWHUDWEUHDVWKHLJKWJUHDWHUWKDQFPZDVPHDVXUHGLQFOXGLQJKHLJKWWZR
GLUHFWLRQ FURZQ GLDPHWHUV HDVWZHVW VRXWKQRUWK DQG WUHH JUDGXDWLRQ 7KH SUHFLVH SRVLWLRQ RI
LQGLYLGXDO WUHHV ZDV DFTXLUHG E\ 'LIIHUHQWLDWH *OREDO 3RVLWLRQLQJ 6\VWHP '*36 DQG (OHFWURQLF
7RWDO6WDWLRQ 

6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD


)LJXUH7KH&&'LPDJHRIWHVWDUHDDQGFHQWHUOLQHVRIWKHWKUHHIOLJKWVWULSV 
2.2 LIDAR data 
7KH/,'$5GDWDDFTXLVLWLRQZDVSHUIRUPHGLQWKHVXPPHURIDWDOHDIRQFRQGLWLRQXWLOL]LQJWKH
5LHJO/064VFDQQHUDVPDOOIRRWSULQWFRPPHUFLDO/,'$5V\VWHPZLWKIXOOZDYHIRUPGLJLWL]HU
7KH ZDYHIRUP GLJLWL]HU VDPSOHV DW D UDWH RI  QV WLPH LQWHUYDOV DW  QP DQG UHFRUGV ERWK
WUDQVPLWWHG DQG EDFNVFDWWHUHG SXOVHV 7KH SODWIRUP ZDV D &KLQHVH <81 DLUFUDIW IO\LQJ DW DQ
DOWLWXGHRIPDERXWPKLJK7KHVFDQDQJOHZDVIRUDJURXQGVZDWKRIDERXWP
/DVHUSRLQWVSDFLQJZDVDERXWPDQGWKHODVHUEHDPGLYHUJHQFHZDVPUDG7HQIOLJKWOLQHVZLWK
DERXW RYHUODSZHUH GHVLJQHG WR FRYHU  KD RI WKH FHQWHU RI WKH QDWXUH UHVHUYH 7KH GDWD
FROOHFWLRQFRQILJXUDWLRQUHVXOWHGLQDSRLQWGHQVLW\RIDERXW WKUHHSRLQWVP ,QDGGLWLRQDEDQG
5HG*UHHQDQG%OXHKLJKUHVROXWLRQ&&'FDPHUDZDVXVHG WRFDSWXUHDHULDO LPDJHDW WKH VDPH
WLPHRI WKH/L'$5VFDQQLQJPLVVLRQ6R WKHGDWDVHWFRQWDLQVDJHRPHWULFDOO\FRUUHFWHGRUWKRSKRWR
ZLWKPVSDWLDOUHVROXWLRQIRUWKHDVVLVWDQWDFFXUDF\DVVHVVPHQWDQGWUDLQLQJGDWDVHOHFWLRQRIWUHH
VSHFLHVFODVVLILFDWLRQ
7KHSORWLVFRYHUHGE\IRXUDGMDFHQWIOLJKWV/,'$5GDWDDQGEODFNDUURZVVKRZWKHIO\LQJGLUHFWLRQ
RIWKHSODQHLQWKH)LJ7KHVWULSDQGFRYHUWKHHQWLUHSORWDQGWKHVWULSDQGFRYHUDOPRVW
RIWKHSORW7KH\HOORZOLQHVDUHWKHFHQWHUOLQHVRIWKHIRXUIOLJKWV
3. METHODOLOGY 
2XU FRQFHSW IRU WUHH VSHFLHV FODVVLILFDWLRQ FRPSULVHV WKH IROORZLQJ VWHSV )LUVW WKHZDYHIRUPV DUH
GHFRPSRVHGLQWRDVHULHV*DXVVLDQSXOVHWRREWDLQGLPHQVLRQDOSRLQWVDQGWKHLUDWWULEXWHV7KHQD
UHODWLYHFDOLEUDWLRQPHWKRGLVDSSOLHGWRFDOLEUDWHWKHDPSOLWXGHDQGHQHUJ\6HFRQG LQGLYLGXDOWUHH
FURZQVDUHGHOLQHDWHGE\DZDWHUVKHGVHJPHQWDWLRQRIWKH&+0ZLWKDFURZQFRQWUROPHWKRG7KH
QH[W VWHS LV WR H[WUDFW IHDWXUHV LQFOXGLQJ WKH QXPEHU RI UHIOHFWLRQV SHU ZDYHIRUP WKH FDOLEUDWHG
DPSOLWXGH DQG HQHUJ\ WKH SXOVH ZLGWK RI HDFK WUHH 7KHQ WUHH VSHFLHV DUH FODVVLILHG XVLQJ WKH
H[WUDFWHGIHDWXUHVZLWKD690FODVVLILHU)LQDOO\ WKHUHVXOWVDUHYHULILHGZLWKH[SHULPHQWWUXWKGDWD
DQG WKH LPSDFW RI WKH UHODWLYH FDOLEUDWLRQ RI WKH /,'$5 GDWD RQ WUHH VSHFLHV FODVVLILFDWLRQ LV
HYDOXDWHG 
3.1 Gaussian decomposition 
7KHREMHFWLYHRIZDYHIRUPSURFHVVLQJLVWRH[WUDFWPRUHLQIRUPDWLRQIURPUDZGDWDWKDQSURYLGHGE\
WKHV\VWHP,QJHQHUDOVPDOOIRRWSULQWZDYHIRUPFDQEHPRGHOHGUHDVRQDEO\E\DVHULHVRI*DXVVLDQ
SXOVHV :DJQHU: HW DO  *DXVVLDQ GHFRPSRVLWLRQ LV WKH PRVW ZLGHO\ DSSOLHG SURFHVVLQJ
DSSURDFKFXUUHQWO\2QHUHWXUQZDYHIRUPFDQEHGHFRPSRVHG LQWR LWV*DXVVLDQFRPSRQHQWV LQ WKLV
IRUP
                     
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
ZKHUH  f x UHSUHVHQWWKHUHFHLYHGZDYHIRUPELVWKHQRLVHOHYHORIWKHZDYHIRUPQLVWKHQXPEHURI
*DXVVLDQ FRPSRQHQWV ia  ix  DQG i  GHQRWH WKH DPSOLWXGH SRVLWLRQ DQG KDOIZLGWK VWDQGDUG
GHYLDWLRQRI HDFK*DXVVLDQ UHVSHFWLYHO\ ,Q WKLVSDSHU DQRQOLQHDU OHDVWVTXDUHVPHWKRGZLWK WKH
/HYHQEHUJ0DUTXDUGWDOJRULWKPZDVXVHGWRILWWKHUHWXUQZDYHIRUPV 
3.2 Relative calibration  
$OWKRXJK WKH UHFHLYHG ZDYHIRUP LV DIIHFWHG E\ PDQ\ IDFWRUV VRPH VWXGLHV KDYH VKRZQ WKDW
ZDYHIRUPHQHUJ\DQGDPSOLWXGHGHFUHDVHZLWKDQLQFUHDVHRIWKHUDQJHEHWZHHQWKHVHQVRUDQGWDUJHW
ZKLFK LVFRQVLGHUHG WREH WKHPRVW LPSRUWDQW LQIOXHQFH IDFWRURIZDYHIRUPGDWD ,Q WKLV VWXG\ WKH
/,'$5V\VWHPRI5LHJOKDVDSHFXOLDUIXQFWLRQRIUHFRUGLQJWKHWUDQVPLWWHGSXOVHV6RPHGLIIHUHQFHV
ZHUHIRXQGE\FRPSDULQJWKHWUDQVPLWWHGSXOVHV7KHGLIIHUHQFHVZHUHPDLQO\UHIOHFWHGLQFKDQJHVRI
HQHUJ\DQG WKHSXOVHZLGWKVZHUHDOPRVW WKHVDPH7KXV WKHUDQJHDQG WUDQVPLWWHGSXOVHFKDQJHV
ZHUH FRQVLGHUHG GXULQJ UHODWLYH FDOLEUDWLRQ DQG RWKHU IDFWRUV ZHUH QHJOHFWHG EHFDXVH RI WKHLU
GLIILFXOW\WRREWDLQ 
7UDQVPLWWHG SXOVH HQHUJ\ YDULDWLRQ ZRXOG LQHYLWDEO\ KDYH DQ LPSDFW RQ EDFN HFKRHV HQHUJ\ WR
UHVWUDLQ WKLV LQIOXHQFH D VWDQGDUGSXOVH HQHUJ\QHHGV WR EH VHW WRQRUPDOL]H DOO RI WKH WUDQVPLWWLQJ
SXOVH7KXVWKHQRUPDOL]DWLRQIDFWRUFDQEHGHVFULEHGDV
Bt sta
Index
t
pC p                                  (2) 
ZKHUH IndexC LV WKH QRUPDOL]DWLRQ IDFWRU Bt stap  LV WKH VWDQGDUG WUDQVPLWWHG SXOVH HQHUJ\ DQG tp LV
WKH WUDQVPLWWHGSXOVH HQHUJ\ ,Q WKLV VWXG\ Bt stap  ZDV VHW DV WKH DYHUDJHRI DOO RI WKH WUDQVPLWWHG
SXOVHVHQHUJ\
$FFRUGLQJ WR WKH /,'$5 HTXDWLRQ DQG WKH GLIIHUHQW VFDWWHULQJ SURSHUWLHV RI REMHFWV WKH UHODWLYH
FDOLEUDWLRQIRUPXODEDVHGRQUDQJHIRUHDFKUHWXUQHQHUJ\RI*DXVVLDQGHFRPSRVLWLRQUHVXOWFDQEH
GHVFULEHGDVUHIHUWR*XDQJFDL;XHWDOIRUPRUHGHWDLOUHJDUGLQJWKHIRUPXODGHULYDWLRQ

  ncal r Index
cal
Rp p C R                   
ZKHUH calp LV WKHFDOLEUDWHGHQHUJ\ rp  LV WKHHQHUJ\RIGHFRPSRVHG*DXVVLDQSXOVH IndexC LV WKH
WUDQVPLWWHG SXOVH QRUPDOL]DWLRQ IDFWRU R  LV WKH UDQJH RI VHQVRU WR REMHFW calR  LV WKH UHIHUHQFH
UDQJHDQGQLVWKHFDOLEUDWLRQIDFWRUZLWKYDOXHVRIRU
7KH FRUUHFWLRQ IDFWRU LV GHWHUPLQHG E\ WKH VFDWWHULQJ SURSHUWLHV RI WKH WDUJHW ,Q WKH FRUUHFWLRQ
SURFHVVWKHYDOXHRIQZDVYDULHGIURPWRDWDVWHSRIDQGWKHFRUUHODWLRQFRHIILFLHQWRIWKH
FDOLEUDWHGYDOXHVDQGFRUUHVSRQGLQJUHDOUDQJHZDVFDOFXODWHG7KHQWKHYDOXHRIQDWWKHPLQLPXP
FRUUHODWLRQFRHIILFLHQWZDVVHOHFWHGDVWKHFDOLEUDWLRQIDFWRU calR  ZDVVHWDVWKHVDPHYDOXHRI WKH
PHDQUDQJHRIDOOIOLJKWV 
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

)ROORZLQJ WKH GHWHUPLQDWLRQ RI Q DQG WKH FRPELQDWLRQ RI WKH *DXVVLDQ IXQFWLRQ H[SUHVVLRQ HDFK
FDOLEUDWHGDPSOLWXGHRI*DXVVLDQGHFRPSRVLWLRQUHVXOWFDQEHFRPSXWHGDV
B   
n
i cal i Index
cal
Ra a C R                  
ZKHUH Bi cala  LV WKH FDOLEUDWHG DPSOLWXGH DQG ia  LV WKH DPSOLWXGH RI WKH*DXVVLDQ GHFRPSRVLWLRQ
UHVXOW
3.3 Individual Tree Isolation from LiDAR Data 
,Q SUHYLRXV UHVHDUFK D PRUSKRORJLFDO FURZQ FRQWURO EDVHG ZDWHUVKHG DOJRULWKP ZDV SURSRVHG WR
LVRODWHLQGLYLGXDOWUHHV7KHDOJRULWKPFRXOGJDLQLQGLYLGXDOWUHHSRVLWLRQVKHLJKWVDQGFURZQUDGLXV
7KH FURZQ FRQWURO ZKLFK GHWHUPLQHV WKH UHDO WUHH FURZQ DUHD DSSUR[LPDWHO\ XVHG WR OLPLW WKH
ZDWHUVKHGRSHUDWLRQ ORFDWLQJ LQ FURZQ DUHD7KLV FRXOG UHVWUDLQ WKH RYHU VHJPHQWDWLRQZKLFKZDV
FRPPRQO\ HQFRXQWHUHG LQ PRVW LQGLYLGXDO WUHH LVRODWLRQ DOJRULWKPV ,Q WKH DOJRULWKP WKH
PRUSKRORJLFDOFURZQFRQWUROZDV LPSRUWHG WRGHWHUPLQHRXWHUPDUNHUV7KH ORFDOPD[LPDPHWKRG
ZLWKRXWHUPDUNHUVLVXVHGWRLGHQWLI\SRWHQWLDOWUHHSRVLWLRQV'RXEOHZDWHUVKHGWUDQVIRUPDWLRQVLQ
ZKLFK D UHFRQVWUXFWLRQ RSHUDWLRQ LV LQVHUWHG LQWR WKHVH WZR WUDQVIRUPDWLRQV DUH WKHQ DSSOLHG WR
GHOLQHDWHWKHWUHHFURZQ)LQDOO\WKHLQGLYLGXDOWUHHVDUHLVRODWHGDQGWKHLUSDUDPHWHUVDUHH[WUDFWHG
2XWHUPDUNHUVZHUHXVHGWRHOLPLQDWHQRQFURZQSDUWVIURPWKH&+07KHFURZQFRQWURODSSOLHGD
PRUSKRORJLFDOFORVLQJRSHUDWRUZKLFKVPRRWKHVWKHREMHFWRXWOLQHUVILOOVWKHQDUURZJDSVDVZHOODV
ORQJDQGVOHQGHUFKDVPVUHPRYHVVPDOOKROHVDQGILOOVLQRXWOLQHUEUHDNVWRWKH&+0XVLQJDQHDU
FLUFXODUVWUXFWXUDOHOHPHQW7KHLQQHUPDUNHUVZHUHXVHGWRPDUNSRWHQWLDOWUHHSRVLWLRQVLQWKH&+0
7KHORFDOPD[LPXPZDVIUHTXHQWO\XVHGWRLGHQWLI\SRWHQWLDO WUHHWRSVLQWKH/L'$5GHULYHG&+0
%XW WKLV UHVXOWHG LQXQGHUUHFRJQLWLRQ+HUH ORFDOPD[LPDGHWHFWLRQZLWKRXWHUPDUNHUVZDVXVHG
/RFDOPD[LPDPHDQWWKHH[WHUQDOERXQGDU\SL[HOVRIREMHFWSL[HODOOKDGDORZHUYDOXH$VDUHVXOW
SRWHQWLDOWUHHWRSVFRXOGEHIRXQGSURSHUO\
7KH VWZDWHUVKHG WUDQVIRUPZDV DSSOLHG WR WKH VPRRWKHG DQG QHJDWHG&+0ZLWK ERWK LQQHU DQG
RXWHUPDUNHUV 
)outMark),inMark,CHM(WaterShed(MaskCHMWatershed             
ZKHUH ()WaterShed  LV WKHZDWHUVKHG IXQFWLRQ ()Mask  LV WKHPDVN IXQFWLRQ CHM LV WKH VPRRWKHG
DQG QHJDWHG&+0 inMark LV WKH LQQHUPDUNHUV outMark LV WKHRXWHUPDUNHUV DQG WatershedCHM  LV
WKHVWZDWHUVKHGWUDQVIRUPUHVXOW 
7KH VW ZDWHUVKHG WUDQVIRUP UHVXOWV KDG PDQ\ RYHUVHJPHQWDWLRQ SUREOHPV WKHUHIRUH D
UHFRQVWUXFWLRQ ZDV DSSOLHG WR UHFRQVWUXFW WKH VPRRWKHG &+0 +HUH WKH UHFRQVWUXFWLRQ ILOOHG WKH
EDVLQV ZLWKRXW LQQHU PDUNHUV ZLWK YDOXHV WKDW ZHUH GHWHUPLQHG E\ WKH FRUUHVSRQGLQJ EDVLQ
ERXQGDULHV)RUWKHUHFRQVWUXFWLRQHYHU\EDVLQLQWKH WatershedCHM  ZDVFKHFNHGIRUZKHWKHULWKDG
LQQHU PDUNHUV ,I WKH EDVLQ GLG QRW KDYH LQQHU PDUNHUV WKHQ WKH EDVLQ SL[HOV LQ WKH CHM  ZHUH
UHSODFHGE\WKHPHDQYDOXHRIWKHZDWHUVKHGOLQHSL[HOVRIWKHFRUUHVSRQGLQJEDVLQLQWKH CHM 
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD


))Index_Boundary(CHM(Mean)Index(CHM inMark_Without_ssinBainMark_Without_ssinBa      
ZKHUH inMark_Without_ssinBaIndex  LV WKH LQGH[ RI WKH EDVLQ SL[HOV ZLWKRXW DQ LQQHU PDUNHU LQVLGH
()Mean  LV WKH PHDQ YDOXH IXQFWLRQ DQG inMark_Without_ssinBaIndex_Boundary  LV WKH LQGH[ RI WKH
ZDWHUVKHGOLQHSL[HOVRIWKHFRUUHVSRQGLQJEDVLQ
7KHQGZDWHUVKHGWUDQVIRUPZDVDSSOLHGWRWKHUHFRQVWUXFWHG&+0ZLWKWKHRXWHUDQGLQQHUPDUNHUV
$IWHU WKH QGZDWHUVKHG WUDQVIRUP WKH UHVXOWVZHUHPXFK EHWWHU WKDQ WKH VWZDWHUVKHG WUDQVIRUP
UHVXOWV0RVWRI WKHEDVLQVKDG LQQHUPDUNHUV LQVLGHDQGHDFKEDVLQ UHSUHVHQWHG WKHFRUUHVSRQGLQJ
FURZQDUHDRIDQLQGLYLGXDOWUHH)LQDOO\WKHLQGLYLGXDOWUHHSDUDPHWHUVFRXOGJHWIURPWKHVHEDVLQV
FRPELQHGZLWKSRLQWFORXGGDWD
3.4 Classification 
%DVLQJRQWKHUHODWLYHFDOLEUDWLRQDQGWKHSDUDPHWHUVREWDLQHGIURP*DXVVLDQGHFRPSRVLWLRQDQGWUHH
FURZQV ERXQG GHOLQHDWHG E\ D VHJPHQWDWLRQ RI WKH &+0 FKDUDFWHULVWLF IHDWXUHV RI WKH LQGLYLGXDO
WUHHVDUHH[WUDFWHG$OOWKHSRLQWVZLWKWKHDWWULEXWHVVXFKDVWKHHQHUJ\DPSOLWXGHFDOLEUDWHGHQHUJ\
DQGDPSOLWXGHSXOVHZLGWKWKHQXPEHURIUHWXUQZDYHIRUPVLQWKHUDQJHRIDWUHHZHUHFROOHFWHGIRU
IXWXUH FODVVLILFDWLRQ 6RPH VWDWLVWLFV VXFK DV WKH PD[LPXP PHDQ DQG PLQLPXP YDOXHV ZHUH
FDOFXODWHGDVWKHIHDWXUHRIDVLQJOH WUHHIRUVSHFLHVFODVVLILFDWLRQ+RZHYHUQRWDOORIWKHVWDWLVWLFV
VDWLVILHGWKHJRDORIVSHFLHVGLVFULPLQDWLRQDQGVRPHLOOVXLWHGVWDWLVWLFVPD\UHGXFHWKHVHSDUDELOLW\
RIGLIIHUHQWWUHHVSHFLHV7KHPRVWLPSRUWDQWYDULDEOHVZHUHVHOHFWHGLQWKHSUHFODVVLILFDWLRQSURFHVV
ZKLFKLVOLVWHGLQWDEOH,QWKHFODVVLILFDWLRQSURFHVVWKHVWDQGDUGGHYLDWLRQDPSOLWXGHHQHUJ\DQG
WKHQXPEHURIDOOUHWXUQHFKRHVDUHFRPELQHGDVDJURXSIRUIXWXUHVSHFLHVFODVVLILFDWLRQ)LQDOO\WZR
FRPELQDWLRQJURXSVDQGZHUHHPSOR\HGWRGLVWLQJXLVKYDULRXVWUHHV    
7DEOH([WUDFWHGZDYHIRUP/,'$5SDUDPHWHUVRIVLQJOHWUHHV
$WWULEXWH :DYHIRUPIHDWXUHRIDOOUHWXUQV
 $YHUDJHVWDQGDUGGHYLDWLRQ
 $YHUDJHDPSOLWXGH
 $YHUDJHHQHUJ\
 $YHUDJH&DOLEUDWHGDPSOLWXGH
 $YHUDJH&DOLEUDWHGHQHUJ\
 7KHQXPEHURIUHWXUQHFKRHV
6LQFHRYHUWRSSHGDQGVXSSUHVVHGWUHHVFDQQRUPDOO\QRWEHLGHQWLILHGRQ&+0LPDJHVRQO\WKHILUVW
WZRFURZQFODVVHVEHLQJGRPLQDQWDQGFRGRPLQDQWZHUHFRQVLGHUHGIRUIXUWKHUWUDLQLQJDQGWHVWLQJ
GDWDFROOHFWLRQ6RWKHPDLQWUHHVSHFLHVRIWKHILUVWWZRGRPLQDQW WUHHV3LQH6SUXFHDQG)LU(OP
%LUFK/LQGHQDQG&KLQHVH$6+DUHVHOHFWHGDVWKHREMHFWRIFODVVLILFDWLRQ 
7UDLQLQJGDWDVHOHFWLRQLVRIJUHDWLPSRUWDQFHWRWKHFODVVLILFDWLRQ6RPHILHOGGDWDWKDWFDQSHUIHFWO\
PDWFKWKHUHVXOWVHJPHQWDWLRQZHUHVHOHFWHGDV52,VUHJLRQRILQWHUHVWV7KHQWKH52,VZDVGLYLGHG
LQWRWZRVHWVLQFOXGLQJDWUDLQLQJVHWIRUFODVVLILFDWLRQDQGDJURXQGWUXWKVHWIRUFODVVLILFDWLRQUHVXOW
HYDOXDWLRQ$WODVWD690FODVVLILHUZDVHPSOR\HGWRGLVWLQJXLVKYDULRXVWUHHV 
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4. Results 
4.1Gaussian decomposition and relative calibration 
7KH*DXVVLDQGHFRPSRVLWLRQPHWKRGZDVDSSOLHGWRWKHIRXUIOLJKWWUDFNVRYHUWKHVWXG\DUHD,QWRWDO
ZDYHIRUPSURILOHVZHUHSURFHVVHGDQGSRLQWVZHUHH[WUDFWHGZLWKDQDYHUDJHSRLQW
GHQVLW\DSSUR[LPDWHO\SRLQWP$ERXWRIWKHGDWDZHUHVXFFHVVIXOO\ILWWHGE\*DXVVLDQ
SXOVHVRIWKRVHUHVXOWVZHUHILUVWHFKRHVZHUHVHFRQGHFKRHVZHUHVHFRQG
HFKRHV DQG  VKRZHGPRUH WKDQ WKUHH HFKRHV 7KHPD[LPXP QXPEHU RI UHWXUQ LV HLJKW DQG
RIWKHSXOVHVFDQJHWPRUHWKDQRQHUHWXUQSRLQWV7KLVLVPDLQO\GXHWRWKHFRPSOH[YHUWLFDO
VWUXFWXUHLQIRUHVWU\DUHD7KHQXPEHURISRLQWVDQGUHWXUQHFKRQXPEHUVGHULYHGIURPWKH*DXVVLDQ
GHFRPSRVLWLRQZDVJUHDWHUFRPSDUHGWRWKHUHDOWLPHSURFHVVLQJHFKRH[WUDFWLRQE\WKHV\VWHP6RPH
H[WUDSDUDPHWHUVVXFKDVWKHSRVLWLRQWKHQXPEHURIHFKRHVDQGWKHVHTXHQFHRIUHWXUQHFKRHVZLWKLQ
WKH EHDP DPSOLWXGH VWDQGDUG GHYLDWLRQ HQHUJ\ DQG UDQJH EHWZHHQ WKH VHQVRU DQG REMHFW RI HDFK
GHFRPSRVHG*DXVVLDQZDYHIRUP
%DVLQJRQWKH*DXVVLDQGHFRPSRVLWLRQWKHPHDQYDOXHRIUDQJHDQGWUDQVPLWWHGSXOVHHQHUJ\RIWKH
IRXUIOLJKWVZHUHFDOFXODWHG7KHQIRUPXODDQGZHUHDGRSWHGWRFDOLEUDWHWKHDPSOLWXGHDQGHQHUJ\
DQGWKHFRUUHFWLRQIDFWRUVQDWWKHPLQLPXPFRUUHODWLRQFRHIILFLHQWVRIWKHIRXUIOLJKWOLQHVZHUH
DQGZKLFKZHUHFORVHWRWKHSURSHUWLHVRIWKHH[WHQGHGWDUJHWV 
4.2 Individual Tree Isolation  
$Q LQYDOLG YDOXHV ILOOLQJ DSSURDFK ZLWK PRUSKRORJLFDO FURZQ FRQWURO DV LQ RQH RI RXU SUHYLRXV
VWXGLHV 'DQ =KDR HW DO  ZDV DSSOLHG $IWHU LQYDOLG YDOXH ILOOLQJ LQGLYLGXDO WUHH LVRODWLRQ
PHWKRGZDVDSSOLHGDQGWKHUHVXOWVDUHVKRZQLQ)LJXUH%\YLVXDOMXGJPHQWPRVWRIWKHFDQRS\
FURZQVZHUHDVVLJQHGWRWKHVSHFLILHGLQGLYLGXDOWUHHV7KHJUD\FURVVHVVKRZWKHLVRODWHGLQGLYLGXDO
WUHHSRVLWLRQV$WRWDORIWUHHVZHUHIRXQGDQGPDUNHGLQWKHODUJH&+0DQGWUHHVZHUH
ORFDWHGLQWKHVDPSOHSORW)URPWKHILJXUHWKHPRVWLVRODWHGLQGLYLGXDOWUHHVKDGDUHODWLYHO\VPRRWK
FURZQVKDSHZKLFKZDVFORVHWRWKHUHDOWUHHFURZQVKDSH7KHWUHHKHLJKWGLVWULEXWLRQRIWKH
WUHHVLVVKRZQLQ)LJXUH)URPWKHILJXUHPRUHWKDQRIWKHWUHHVIRXQGE\WKHDOJRULWKPKDGD
WUHHKHLJKWJUHDWHUWKDQP
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD


  
)LJXUH7KHLQGLYLGXDOWUHHLVRODWLRQUHVXOWRIWKHIRUHVWVDPSOHSORW

)LJXUH7UHHKHLJKWGLVWULEXWLRQRILVRODWHGWUHHVLQWKHIRUHVWVDPSOHSORW
4.3 Classification 
,QWKHFODVVLILFDWLRQSURFHVVWZRFRPELQDWLRQJURXSVWKHXQFDOLEUDWHGGDWDDQGFDOLEUDWHGGDWDZHUH
HPSOR\HG WR GLVWLQJXLVK YDULRXV WDUJHWV ZLWK D 690 FODVVLILHU 7KUHH FODVVLILFDWLRQ GHSWKV VHYHQ
VSHFLHVILYHVSHFLHVDQGWZRVSHFLHVZHUHDSSOLHGWRHYDOXDWHWKHFDSDELOLW\RISDUDPHWHUVGHULYHG
IURPZDYHIRUPGDWDLQ WUHHVSHFLHVGLVFULPLQDWLRQDQG WRVKRZWKHLPSDFWRI VSHFLHVLGHQWLILFDWLRQ
DIWHU FDOLEUDWLRQ 7KH RYHUDOO FODVVLILFDWLRQ DFFXUDF\ NDSSD FRHIILFLHQW SURGXFHU¶V DFFXUDF\ RI
FODVVLILFDWLRQ UHVXOWV DUH OLVWHG LQ WDEOH  7KH WRWDO DFFXUDF\ RI WKUHH FODVVLILFDWLRQ GHSWKV ZDV
LPSURYHGZLWKWKHWUHHVSHFLHVUHGXFLQJ)ROORZLQJDFRPSDULVRQRIWKHWZRFODVVLILFDWLRQJURXSVWKH
FODVVLILFDWLRQ DFFXUDF\ RI WKH UHODWLYH FDOLEUDWHG GDWD LQFUHDVHG VWHDGLO\ ZKHQ FRPSDUHG WR WKH
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD


XQFRUUHFWHGGDWD 
7DEOH&ODVVLILFDWLRQDFFXUDF\RIXQFDOLEUDWHGDQGFDOLEUDWHGGDWDRIWKUHHFODVVLILFDWLRQGHSWKVDQGWKHYDOXH
DUHJLYHQLQSHUFHQW53 5HG3LQH0/ 0DQFKXULDQOLQGHQ:% :KLWHELUFK.6 .R\DPD6SUXFH0$ 
0DQFKXULDQDVK&RQ FRQLIHURXV'HF GHFLGXRXV

5. DISCUSSION & Conclusion 
5.1 Discussion 
0DQ\ HIIHFWLYH PHWKRGV RI /,'$5 GDWD FODVVLILFDWLRQ DQG FDOLEUDWLRQ KDYH EHHQ GHYHORSHG E\
SUHYLRXVUHVHDUFKVWXGLHV1HYHUWKHOHVVYHU\IHZDXWKRUVKDYHLQYHVWLJDWHGWKHLPSDFWRIUDGLRPHWULF
FDOLEUDWLRQ RI /,'$5 GDWD RQ VLQJOH WUHH VSHFLHV UHFRJQLWLRQ $ FRPSOHWH ZRUNIORZ LQFOXGLQJ
*DXVVLDQGHFRPSRVLWLRQUHODWLYHFDOLEUDWLRQLQGLYLGXDOWUHHLVRODWLRQDQGWUHHVSHFLHVFODVVLILFDWLRQ
ZDVGHVFULEHG7KH LQGLYLGXDO WUHHSRVLWLRQV DQG WUHHFURZQVZHUH DFTXLUHGXVLQJDPRUSKRORJLFDO
FURZQFRQWUROEDVHGZDWHUVKHGDOJRULWKP$VLPSOHUHODWLYHUDGLRPHWULFFDOLEUDWHGPHWKRGEDVHGRQ
Uncalibrated data 
*URXQGWUXWK *URXQGWUXWK *URXQGWUXWK
 RP ML Fir WB KS Elm MA  RP ML Fir WB Elm  Con Dec 
RP        RP      Con  
ML        ML      Dec  
Fir        Fir     
 
WB        WB     
KS        Elm     
Elm         
MA        
2YHUDOODFFXUDF\ 
.DSSDFRHIILFLHQW 
2YHUDOODFFXUDF\ 
.DSSDFRHIILFLHQW  
2YHUDOODFFXUDF\   
.DSSDFRHIILFLHQW 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Calibrated data
*URXQGWUXWK *URXQGWUXWK *URXQGWUXWK
 RP ML Fir WB KS Elm MA  RP ML Fir WB Elm  Con Dec 
RP        RP      Con  
ML        ML      Dec  
Fir        Fir    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WB        WB      
KS        Elm      
Elm         
MA        
2YHUDOODFFXUDF\   
.DSSDFRHIILFLHQW 
2YHUDOODFFXUDF\ 
.DSSDFRHIILFLHQW   
2YHUDOODFFXUDF\   
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

UDQJH DQG QRUPDOL]DWLRQ RI WUDQVPLWWHG SXOVHV ZDV LQWURGXFHG WR QRUPDOL]H WKH *DXVVLDQ
GHFRPSRVLWLRQ UHVXOWV RI IXOOZDYHIRUP GDWD 7KH SDSHU DGGUHVVHV WKH LPSDFW RI WKH UHODWLYH
UDGLRPHWULFFRUUHFWLRQRQWKHDFFXUDF\RIVLQJOHWUHHVSHFLHVFODVVLILFDWLRQDQGWKHUHVXOWVKRZVWKDW
WKHUHODWLYHFDOLEUDWLRQPHWKRGFRXOGLPSURYHWKHFDSDELOLW\RIWUHHVSHFLHVLGHQWLILFDWLRQ
7KLV SDSHU SURSRVHG DPRUSKRORJLFDO FURZQ FRQWURO EDVHGZDWHUVKHGPHWKRG WR LVRODWH LQGLYLGXDO
WUHHV DQG WR REWDLQ WKHLU SDUDPHWHUV 7KHPRUSKRORJLFDO FURZQ FRQWUROZDV DQ DSSURDFK WKDW RQO\
SURFHVVHGWKHLQGLYLGXDOWUHHLVRODWLRQLQWKHDUHDRIFURZQLQVWHDGRIWKHZKROH&+07KLVDSSURDFK
FRXOG LPSURYH WKH DFFXUDF\ RI WKH UHVXOWV DQG WKH DOJRULWKP HIILFLHQF\2XU DOJRULWKP SURGXFHG D
JRRGUHVXOWLQRXUH[SHULPHQWV+RZHYHUVRPHSUREOHPVZHUHHQFRXQWHUHGDQGVRPHLPSURYHPHQWV
ZHUHUHTXLUHG)RUWKHGHWHUPLQDWLRQRIWKHRXWHUPDUNHUVVRPHRWKHUPHWKRGVZHUHWULHGVXFKDVWKH
*DXVVLDQ/DSODFLDQ2SHUDWRUDQGWKHGLIIHUHQFHRI*DXVVLDQEXWWKHUHVXOWVZHUHQRWDVJRRGDVWKH
PRUSKRORJLFDO FURZQ FRQWURO $QRWKHU SURSRVDO ZDV WKDW FRUUHVSRQGLQJ RSWLFDO LPDJHV WKDW ZHUH
DFTXLUHGZLWKWKH/L'$5GDWDFRXOGSURYLGHFURZQDUHDVPRUHSUHFLVHO\,QWKLVVWHSWKHWKUHVKROG
Control_Crownthreshold  ZDVWKHNH\SRLQW+RZWRGHWHUPLQHWKHWKUHVKROGLQGLIIHUHQWIRUHVWW\SHVDQG
GLIIHUHQWIRUHVWVWDWXVUHTXLUHVDGGLWLRQDOVWXG\
,QWKLVVWXG\UHODWLYHUDGLRPHWULFFDOLEUDWLRQRIIXOOZDYHIRUPVPDOOIRRWSULQW/,'$5ZDVSHUIRUPHG
EDVHGRQDUDGDUHTXDWLRQEXWDEVROXWHFDOLEUDWLRQZDVQRWFDUULHGRXWGXHWRWKHODFNRIFDOLEUDWHG
UHIHUHQFH WDUJHWV$OWKRXJK WKH FDOLEUDWLRQ DSSURDFK DFKLHYHG UHODWLYHO\ HIIHFWLYH UHVXOWV IRU REMHFW
FODVVLILFDWLRQ WKHUH DUH VWLOO VRPH SUREOHPV ZRUWK\ RI IXUWKHU VWXG\ 7KH FRUUHFWLRQ IRUPXOD ZDV
IRXQGRQWKHDVVXPSWLRQWKDWWKHVXUIDFHLVD/DPEHUWLDQUHIOHFWRU%HFDXVHPRVWREMHFWVLQQDWXUHDUH
QRWLGHDO/DPEHUWLDQDQGLWVUDGLDWLRQDUHDOZD\VUHODWHGWRWKHDQJOHRILQFLGHQFH7KHHQKDQFHPHQW
RI WKH FRPSDUDELOLW\ RIPXOWLSOH HFKRHV DQG VLQJOH HFKR UHTXLUHV LQGHSWKPHFKDQLVWLF UHVHDUFK RI
/,'$5,QVKRUWWKHFXUUHQWZDYHIRUPGDWDFRUUHFWLRQWKHRU\LVQRWSHUIHFWDQGDXQLILHGVWDQGDUG
KDVQRWEHHQGHYHORSHG7KHDLUERUQH/,'$5ZDYHIRUPGDWDFRUUHFWLRQPRGHOGHSHQGVRQ/,'$5
PHFKDQLVWLFVWXGLHVDQGFRUUHFWLRQWKHRU\GHYHORSPHQWLVDOVRFRQGXFLYHWRWKHLPSURYHPHQWRIWKH
PHFKDQLVPPRGHO7KHPRWLYDWLRQEHKLQGWKLVUHVHDUFKZDVWRLQWURGXFHWKHLQFLGHQFHDQJOHDQGWKH
QXPEHURIUHWXUQVLQWRWKHFDOLEUDWLRQIRUPXODWRLPSURYHWKHFRUUHFWLRQUHVXOWRIZDYHIRUPGDWD
5.2 Conclusion 
7KLV VWXG\ IRFXVHGRQ WKHDLUERUQH IXOOZDYHIRUP/,'$5GDWDSURFHVVLQJ UHODWLYH FDOLEUDWLRQDQG
VLQJOH WUHH VSHFLHV GLVFULPLQDWLRQ ZLWK SDUDPHWHUV H[WUDFWHG IURP ZDYHIRUP 7KH RYHUDOO UHVXOWV
VKRZHG WKDW WKH SDUDPHWHUV DFTXLUHG IURPZDYHIRUP FRXOG GLVWLQJXLVK GLIIHUHQW WUHH VSHFLHV 7KH
IROORZLQJLPSRUWDQWDVSHFWVFDQEHFRQFOXGHG
7KHZDYHIRUP*DXVVLDQGHFRPSRVLWLRQLQFUHDVHVWKHVSDWLDOSRLQWGHQVLW\DQGSURYLGHVDGGLWLRQDO
DWWULEXWHVIRUWKHGHWHFWHGSRLQWV 
 7KH UHVXOWV VKRZ WKDW LQGLYLGXDO WUHH LVRODWLRQ DOJRULWKP FDQ LVRODWH PRVW GRPLQDQW DQG
VXEGRPLQDQWWUHHVWUHHKHLJKWVODUJHUWKDQPLQWKHSORWVPRUHWKDQKDOIRIWKHLQWHUPHGLDWHWUHHV
WUHHKHLJKWVEHWZHHQDQGPLQWKHSORWVDQGVRPHVXSSUHVVHGWUHHVWUHHKHLJKWVOHVVWKDQ
LQWKHSORWV
 7KH WKUHH SDUDPHWHUV DPSOLWXGH HFKR ZLGWK DQG HQHUJ\ H[WUDFWHG IURP VPDOOIRRWSULQW
IXOOZDYHIRUP RI *DXVVLDQ GHFRPSRVLWLRQ FDQ SURYLGH YDOXDEOH LQIRUPDWLRQ IRU WUHH VSHFLHV
GLVFULPLQDWLRQ 
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD


 &DOLEUDWLRQ RI IXOOZDYHIRUP GDWD LV QHFHVVDU\ IRU LWV DSSOLFDWLRQ LQ REMHFW FODVVLILFDWLRQ 7KH
SDUDPHWHUV RI WKH JURXSVRI WKH FRUUHFWHG GDWD LPSURYHG FODVVLILFDWLRQ DFFXUDFLHV E\ DQ DGGLWLRQDO
WRFRPSDUHGWRWKHXQFDOLEUDWHGGDWDIRUGLIIHUHQWFODVVLILFDWLRQGHSWKV
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Abstract 
 
The classification of data points in a laser scan recorded in a forest environment may help to 
distinguish object types such as the ground surface, woody components and foliage, from which 
terrain models, stem characteristics and foliage profiles can be derived. Phase-shift laser scanner 
data presents a particularly challenging problem in forest environments because of inherently 
noisy return ranges and the lack of unambiguous response to non-interceptions of the beam. In 
this case the basic challenge is to distinguish true gaps in the canopy from those returns 
emanating from solid objects such as vegetation components and the surrounding terrain surface. 
Here we present a non-parametric framework for classifying phase-shift laser scanner data into 
gaps and solid object types relevant for the assessment of vegetation structure. The method is 
applied to a laser scan recorded in a Eucalyptus forest in Brisbane Australia. We show that the 
differentiation of grass, woody material, foliage, sky and sun sensor artefacts can be achieved, 
although some confusion between object classes is apparent. 
 
 
1. Introduction 
 
Phase-shift laser scanners employ a constant beam with intensity modulated at a series of 
frequencies. The shifts in phase of any returned signal for each frequency are used to determine 
the range of the target. The main benefit of phase-shift scanners is that they can determine range 
more rapidly than time-of-flight instruments; in the order of 1 million points per second. Current 
systems are also generally lighter and cheaper than “equivalent” time-of-flight instruments. This 
comes at the cost of effective range, which is generally limited to less than 100m depending on 
the laser pulse peak energy, wavelength and target reflectance characteristics. 
 
Phase-shift scanners have been applied to measurement of canopy structure (Antonarakis, 2011; 
Balduzzi et al., 2011; Park et al., 2010) and the assessment of woody vegetation components 
(Bienert et al., 2007; Liang et al., 2008; Park et al., 2010). However, the phase-shift ranging 
method is subject to ambiguity where a single outgoing beam is intercepted by multiple targets 
or where the beam is not intercepted within a range limit, dictated by signal to noise ratio. Often 
a laser pulse into a clear beam path will result in random ranges being returned. This is 
generally addressed in firmware or through post-processing, with points removed based on the 
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smoothness, or surface roughness with respect to neighbouring laser pulses.  
 
In traditional applications of TLS for built environments such as engineering and architecture, 
multiple interceptions and non-interceptions can be dealt with by removing points from the 
point cloud. In vegetation structural analysis, these two cases need to be dealt with differently, 
since the removal of points that indicate multiple hits would overly inflate gap probability 
estimates and consequently decrease apparent stem size, foliage cover and leaf area index (LAI). 
Sky points on the other hand need to be removed reliably so that true gaps can be identified. 
 
Phase-shift scanner systems generally include a number of filters to deal with spurious points 
which are implemented in firmware or post-processing software. These include simple threshold 
filters for range and intensity and textural filters that specify the minimum proportion of 
neighbouring points that must fall within a given distance from each point. However, these 
filters are designed to remove both points resulting from multiple interceptions and points 
resulting from non-interceptions. In this paper we demonstrate a non-parametric point 
classification method used to discriminate between laser returns from complex vegetation 
canopy media and non-interceptions within canopy gaps. 
 
 
2. Methods 
 
The data used in this study were recorded in a forest plot (100 m x 50 m) in the D’Aguilar 
National Park, near Brisbane Australia on the 8th of November 2011. The site is a Eucalyptus 
woodland with very little understorey and a ground layer of grass and woody debris. The tree 
heights within the plot have a mean height and diameter at breast height (DBH) of 13.8 m and 
0.18 m respectively. The maximum height within the plot was 37 m and the maximum DBH 
was 1.05 m. 
 
A laser scan was recorded using a FARO Focus 3D 120 phase-shift scanner. The FARO uses a 
905 nm laser with beam divergence of 0.16 mrad, which scans at a rate of 976000 pulses per 
second. The nominal maximum range for the instrument is 120 m. In addition to range, the 
instrument records the laser return intensity, and measures of red, green and blue passive 
reflectance using an integrated camera system. In addition to these data, a measure of surface 
roughness t was computed from the raw range information r by taking the natural log of the sum 
of differences in range to adjacent laser returns as follows: 
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where dθ and dϕ indicate scan increments in the zenith and azimuth directions respectively. Let 
the data associated with each return in the resulting point cloud be denoted by the vector y = 
(range, intensity, surface roughness) and the discrete variable u range over the possibilities of 
the objects encountered in the direction of the beam, so u ∈ X where X = {Vegetation, Canopy 
Gaps, ... }. Using Bayes’ theorem, the probability of the object being of type u given the data y 
is given by: 
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In this case p(u) is the prior probability of the return being from target type u and p(y | u) is the 
conditional probability of the value y given the object being of type u. We can estimate the 
probability of the object being of type u given n input variables by applying Bayes’ 
theorem sequentially. We first estimate prior probabilities and then generate posterior 
probabilities based on the information from the first point data variable y1 (e.g. range). 
These posterior probabilities can then be used as prior probabilities for a subsequent 
estimate based on the next data variable (e.g. intensity). Let p1(u|y1) be the posterior 
probability of the point being of type u  given the first variable y1. Then 
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Now we use p(u|y1) as the prior probability to estimate p(u|y1, y2) based on the data 
distribution of the second variable y2 as follows. 
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Extended to the case of n variables, the estimate of the probability of the point being of 
type u can be calculated by taking the product of the data distribution probabilities as 
follows 
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In this study, the objects u which form the set X were based on the major elements of the forest 
plot and included grass, woody material, foliage, canopy gaps and the sun sensor. Bare ground 
was not included in X due to the high level of grass cover. The sun sensor was included because 
the instrument has a detector protective mechanism where ambient light exceeds a certain 
threshold. This causes unexpected range and intensity data when sampling in the direction of the 
sun. This region also needs to be treated differently to canopy gaps in the analysis of vegetation 
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structure as effectively there is no measurement within this region and it needs to be ignored in 
the calculation of structural metrics such as LAI. 
 
Prior probabilities for each u were considered equivalent for each object type such that: 
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Final classification was based on the maximum probability over all possible object types (u). 
The accuracy of the classification was assessed in terms of individual accuracies for each class, 
the total percentage of the training set correctly classified and the kappa statistic (Cohen, 1960), 
which is a more conservative estimate of accuracy taking into consideration agreement that can 
occur by chance. 
 
 
3. Results 
 
The laser scan was recorded at an angular sample spacing of 3 mrad resulting in approximately 
1.7 million pulses across the full hemispherical scan. Estimates of p(y | u) were based on 
subjective selection of training regions within a Plate Carrée projection of the laser scan (see 
Figure 2). A total of 3.5% of the scan was selected as training data, divided into each of the 
object categories as detailed in Table 1. 
 
 
Table 1: Number of laser pulses used in each training set 
 
Class Grass Woody Foliage Sky Sun Sensor 
Pixels 20497 20687 9566 7794 4268 
Percentage 1.2 1.2 0.5 0.4 0.2 
 
 
 
Marginal probabilities for range (Figure 1a) highlight the difficulty selecting angular regions of 
vegetation components at ranges greater than 25 m. Grass was generally selected within 10 m 
from the instrument, woody material was generally selected within 10 m and foliage in the tree 
crowns within 25 m. The canopy gaps and solar disk training regions showed some local peaks 
but were generally more evenly distributed out to the maximum recorded range of 153 m. The 
non-normal characteristics of these data provide good examples of why parametric methods 
struggle to adequately characterise these distributions. 
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Figure 1: Marginal probabilities p(y | u) for each of the object types recorded in the laser scan, where u is 
equal to a) range from the scanner, b) laser return intensity and c) a surface roughness parameter. 
 
The intensity of the laser return pulse is dependent on the range to the intercepting object, its 
reflectance at 905 nm and the proportion of the beam intercepted. The marginal probabilities for 
intensity (Figure 1b) show a clear distinction between the solar disk and other objects within the 
scan. However, the intensity for canopy gaps (sky) is more difficult to discriminate from both 
woody and non-woody vegetation components. Of the vegetation components, woody 
vegetation showed the highest intensities, while crown foliage showed the lowest intensities. 
 
Surface roughness showed clear distinctions between vegetation components and the canopy 
gaps and solar disk (Figure 1c). The near random ranges for these non-vegetation classes 
produced high measures of roughness, even when a logarithmic transform is applied. The lowest 
measures of roughness were associated with the woody vegetation components due to generally 
smooth surfaces on trunks and branches. 
 
The application of Eq. 6 over the complete laser scan produced a realistic classification of the 
data (Figure 2). Confusion between classes can be seen at the edge of woody material, which are 
often classified as grass. This is highlighted by an 8% misclassification in the confusion matrix 
shown in Table 2. There are also laser returns within the ground cover layer classified as woody 
material (6% in Table 2), although it is possible some of these may be associated with woody 
debris and bare ground. In the far field both trunks and grass often appear to be classified as 
foliage. Some misclassification of sky as the sun sensor class is also apparent and supported by 
a 3% misclassification shown in Table 2.  
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Figure 2: Phase-shift laser scanner classified as grass (light green), woody material (brown), foliage (dark 
green), sky (white) and solar disk (yellow). 
 
 
Overall percentage of the training data for all classes classified correctly was 94% and the kappa 
statistic was 0.78. This compares favourably to a simple Gaussian minimum distance classifier 
which produced an accuracy of 91% and a kappa statistic of 0.65. 
 
 
Table 2: Confusion matrix for the non-parametric classifier 
 
Class Grass Woody Foliage Sky Sun Sensor 
Grass 94 8 0 1 0 
Woody 6 90 0 1 0 
Foliage 0 2 99 1 3 
Sky 0 0 0 94 19 
Sun Sensor 0 0 0 3 78 
Total 100 100 100 100 100 
 
 
4. Discussion and Conclusions 
 
The advantage of the Bayesian classification method described in the paper is that is can deal 
with any distribution of input data. This has advantages in the case of phase-shift laser scanning 
data, where non-interceptions of the laser can result in unusual distributions of both range and 
intensity. The method described also has the advantage that it can be used to produce posterior 
probabilities for input parameters which may be used in the classification of further scans 
recorded using the same scanner type. The method may be extended to include a second 
iteration in the calculation of the posterior probability which includes a prior-probability for 
spatial context. In the simplest case this probability could be based on the probabilities assigned 
to adjacent pixels, but might also include more complex morphological filters that consider 
known structural forms such as the near form of trunks and the connectivity of branches. 
 
There are a number of limitations of the current implementation of the methods. Input data used 
in this study was not necessarily ideal given our knowledge of the objects being classified. For 
example, the intensity expected from a given vegetation component type (woody, non-woody) is 
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a function of range and it may be useful to incorporate an input variable such as apparent 
reflectance (Jupp et al., 2008) as a substitute. Given the objects selected in this study, an input 
variable that describes height above the ground surface may also be valuable.  
 
The method described uses the product of marginal probabilities for estimation of the posterior 
probability for a given object class. A further refinement of the methods would be to construct a 
full joint probability distribution for variables known prior to the first iteration of the Bayesian 
computation. This is likely to account for interdependences between variables more effectively. 
Further developments will also need to include validation of the method using independent data. 
 
The objective of this study was the filtering of phase-shift laser scanning data, where it is often 
difficult to distinguish between vegetation and gaps using traditional rule based approaches. 
However, as demonstrated, the method has broader application in classification of laser scanner 
point clouds, such as the discrimination of woody and non-woody vegetation components. This 
is generally being tackled using deterministic methods (Bienert et al., 2007; Liang et al., 2008; 
Park et al., 2010). However, incorporating these deterministic methods as input to a probabilistic 
framework, such as that described here, may be a powerful solution that not only allows 
discrimination of vegetation component types within laser scanner data, but also assigns 
confidence to the classified data. 
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Abstract 
 
Time-of-flight terrestrial laser scanners are often designed specifically for long range outdoor 
use, while phase-shift scanner design has generally focussed on high speed indoor and short 
range use. Applications of laser scanners for vegetation structural assessment have included 
both these ranging technologies. We tested two time-of-flight and two phase-shift scanners for 
use in the assessment of local topography and the vertical distribution of plant material in a 
Eucalyptus forest environment in Australia. Plant area index was generally higher when derived 
using the time-of-flight scanners. The phase-shift scanners also showed less plant area towards 
the top of the profiles. However, there was a large difference between the plant area derived 
from the two phase-shift scanner tested, indicating that the ranging technology may not be the 
primary limitation of such instruments. 
 
1. Introduction 
 
Time-of-flight and phase-shift represent two distinct laser ranging techniques. Time-of-flight 
ranging employs short pulses of laser energy. Range is determined by measuring the duration 
between the instrument emitting a pulse and any detected returns. Phase-shift ranging employs 
constant wave lasers, where the intensity is modulated in a sinusoidal pattern. In this case the 
phase of any return pulse is used to determine the range of the intercepted object. Both ranging 
methods have been incorporated into commercial terrestrial laser scanners. In general, 
time-of-flight scanners have been more commonly employed in vegetation assessment (Cote et 
al., 2009; Watt and Donoghue, 2005). A number of examples of the application of phase-shift 
scanners also exist (Antonarakis, 2011; Balduzzi et al., 2011; Park et al., 2010). However 
limitations introduced by ranging methods used for measuring the vertical distribution of plant 
area are not well understood.  
 
In this study, four commercially available Terrestrial Laser Scanners (TLS) were evaluated for 
the derivation of terrain digital elevation models (DEM), the assessment of plant area index 
(PAI) and vertical profiles of plant area volume density (PAVD). The scanners, listed in Table 1, 
include two examples of time-of-flight ranging and two that use the phase-shift method. 
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Table 1: Detail of the laser scanners used in the trial. 
 
Instrument Faro Focus 3D 120 Leica HDS7000 Leica C10 Riegl VZ1000 
Ranging method Phase Phase Time-of-flight Time-of-flight 
Wavelength 905nm 1500nm 532nm 1550nm 
Samples/sec 976000 1016000 50000 122000 
Beam divergence 0.16 mrad 0.3 mrad 0.1 mrad 0.3 mrad 
Nominal max range 120m 187m 300m 1400m 
 
 
 
2. Methods 
 
The scanner comparison was undertaken at a research site known as Landers Hut, in the 
D’Aguilar National Park, Queensland, Australia in November 2011. The site is a Eucalyptus 
woodland with very little understorey and a ground layer of grass and woody debris. The tree 
heights were measured within a 50 m by 50 m plot and had a mean height of 13.8 m and mean 
diameter at breast height (DBH) of 0.18 m. The maximum height within the plot was 37 m and 
the maximum DBH was 1.05 m. 
 
For each scanner, sampling resolutions were varied to determine if this had an impact on PAI. In 
addition, range quality, which is associated with measurement integration time, was also varied 
for the phase-shift scanners. Individual scan details are listed in Table 2. The nominal low 
resolution equates to the lowest resolution achievable for each instrument and high resolution is 
the finest angular spacing that could be achieved within 15 minutes of scanning. 
 
 
Table 2: Angular sampling resolution and phase based scanner range quality setting used 
in the laser scanner trial. 
 
 
Scanner 
Nominal 
Resolution 
Sampling 
(mrad) 
Pulses 
(x 106) Quality 
FARO Focus 3D High 0.3 178 Low 
FARO Focus 3D Low 3.1 2 High 
FARO Focus 3D Low 3.1 2 Low 
Leica HDS 7000 Low 1.2 11 Low 
Leica HDS 7000 Low 1.2 11 High 
Leica HDS 7000 High 0.3 180 Low 
Leica C10 High 0.7 35 NA 
Leica C10 Low 1.2 10 NA 
Riegl VZ1000 High 0.3 111 NA 
Riegl VZ1000 Low 1.2 7 NA 
 
 
 
Access to terrain height information is important for TLS data processing as it allows vegetation 
structure to be analysed in terms of height relative to the ground surface, rather than relative to 
the origin of the sensor coordinate system. A DEM was generated from each scan using 
minimum elevation points within a 1m by 1m grid. A progressive morphological filter 
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(Zhang et al., 2003) was then applied to these points to determine ground returns. Classified 
ground returns were then used to generate a continuous DEM at a spatial resolution of 1m using 
the natural neighbour algorithm. Due to the radial sampling of TLS instruments, DEM radius 
was restricted to 100m from the scan locations. 
 
Each DEM was compared to a DEM generated using Airborne Laser Scanning (ALS) acquired 
using a Leica ALS50-II sensor with a flying elevation of 1800 m, and recording at a maximum 
scan angle of 18 degrees off nadir. Pulse repetition frequency of 126.2 kHz produced an average 
pulse density of 2.8 m-2 pulses. The airborne DEM was generated using only returns classified 
as ground points by the data provider. To be consistent with the TLS data, the airborne DEM 
was produced at a spatial resolution of 1 m using the natural neighbour algorithm. 
 
Plant density profiles were produced using estimates of canopy gap probability (Pgap) in five 
degree zenith increments between 30 and 70 degrees. Plant density vertical profiles (PAI and 
PAVD) were calculated from Pgap using a linear model described by Jupp et al. (2008). The 
equation is: 
 
- log(Pgap(z,θ)) × cos(θ) = PAIh(z) + PAIv(z) × 2 × tan(θ) / π 
 
where z is the height to which PAI is assessed, θ is the zenith angle and PAIh and PAIv are the 
horizontal and vertical projections of the total plant area. Total PAI is then the sum of these 
horizontal and vertical projections, while the PAVD is the derivative of the PAI profile as 
follows: 
 
PAVD(z) = δPAI / δz 
 
 
3. Results 
 
The comparison of TLS DEM surfaces to the DEM derived from the airborne lidar data 
revealed different characteristics between the TLS instruments. While the two Leica and the 
Riegl scanners showed a gradual positive bias in terrain height relative to the airborne DEM 
with increasing range from the scanner, the FARO scanner showed significantly lower DEM 
heights (Figure 1).  
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Figure 1: Comparison of Airborne and TLS DEM surfaces along a north-south transect through the 
Landers Hut site. Airborne Dem is shown in black 
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Vertical PAVD profiles for the four instruments showed similar characteristics in terms of 
canopy layering. However, the magnitude of plant density varied considerably, particularly 
towards the top of the canopy (see Figure 2). The profiles consistently indicated three layers of 
higher plant area density. While the two Leica and the Riegl scanner showed very stable 
estimates of PAVD between different scanner settings, the PAVD profiles derived from the 
FARO data varied considerably depending on the angular sampling resolution and range quality 
setting used (see Table 2 for details of scan settings used). 
 
 
  
  
 
Figure 2: Plant area volume density (PAVD) profiles produced using different setting for each of the four 
instruments in the south sub-plot. Riegl profiles shown include only first returns in the calculation of Pgap. 
Profiles are not corrected for topography. 
 
 
The Riegl scanner indicated consistently greater plant density than the other three instruments in 
the trial. This was particularly true in the dominant overstorey peak at 20m height in the South 
sub-plot (Figure 2). Although the Leica C10 and Leica HDS 7000 use different ranging 
technologies, the plant density profiles were remarkably similar, with the HDS indicating 
slightly higher plant area index. Profiles produced using the FARO Focus 3D showed a high 
degree of sensitivity to sampling resolution and range measurement integration time. 
 
Total PAI derived from each TLS scan are shown in Table 3 and varied from 0.43 to 2.01. The 
two Leica instrument were relatively consistent in their estimate of PAI with values varying 
from 1.70 to 1.82. The Riegl scanner indicated a slightly higher PAI at 1.99 for the high 
resolution scan and 2.01 for the low resolution scan. The FARO Focus 3D produced the lowest 
estimates of PAI, varying between 0.43 and 1.15. 
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Table 3: Plant area index (PAI) derived from each TLS scan recorded at the Landers Hut site. 
 
Scanner Resolution Quality PAI 
FARO Focus 3D High Mid 1.15 
FARO Focus 3D Mid High 0.43 
FARO Focus 3D Mid Mid 0.98 
Leica HDS7000 High Mid 1.82 
Leica HDS7000 Mid High 1.81 
Leica HDS7000 Mid Mid 1.81 
Leica C10 High NA 1.70 
Leica C10 Low NA 1.72 
Riegl VZ1000 High NA 1.99 
Riegl VZ1000 Low NA 2.01 
 
 
 
4. Discussion and Conclusions 
 
Our results suggest that inferences about surface topography and vegetation structure derived 
from terrestrial laser scanners are highly dependent on the scanner employed. Although ranging 
method (phase-shift verses time-of-flight) may have an impact on data quality, the relatively 
consistent results achieved using the two Leica instruments suggest this may not be the primary 
concern. 
 
For the DEM surfaces derived using the TLS instrument in this study, a positive bias relative to 
the airborne lidar DEM can be explained by the perspective from which a TLS instrument 
records ranges. Due to the radial sampling pattern there is a gradual increase in occlusion as the 
ground surface is hidden by near field objects such as trees, woody debris, undergrowth and 
even the near field terrain its self. The negative bias shown by the FARO instrument is not an 
artefact of occlusion but is likely due to spurious low points (noise) in the data. This produces 
depressions in the DEM surface, which are not apparent in the DEM surfaces derived from the 
other scanners. 
 
Although no validation of the PAVD profiles is provided, the consistency of the PAI produced 
using the Leica and Riegl scans indicates that the FARO instrument significantly overestimates 
Pgap. The PAVD for the FARO was not only low but was also more biased towards the lower 
parts of the canopy. Although the nominal range for this instrument is 120 metres, the effective 
range in a forest environment, where targets are not ideal reflecting surfaces and solar radiant 
flux is often high, is likely to be much less than that required for characterising the distribution 
of plant material in the upper parts of a forest canopy. 
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)RUHVWPDSSLQJDQGPRQLWRULQJXVLQJDFWLYH'UHPRWHVHQVLQJ
²5HYLHZRID3K'WKHVLV 

0LNNR9DVWDUDQWD0DUNXV+RORSDLQHQ-XKD+\\SSl0LND.DUMDODLQHQ	+DQQX
+\\SSl
'HSDUWPHQWRI)RUHVW6FLHQFHV8QLYHUVLW\RI+HOVLQNL)LQODQGILUVWODVW#KHOVLQNLIL
)LQQLVK*HRGHWLF,QVWLWXWH0DVDOD)LQODQGILUVWODVW#IJLIL
$DOWR8QLYHUVLW\5HVHDUFK,QVWLWXWHRI0HDVXULQJDQG0RGHOOLQJIRUWKH%XLOW
(QYLURQPHQW(VSRR)LQODQGILUVWODVW#DDOWRIL 
+HOVLQNL0HWURSROLD8QLYHUVLW\RI$SSOLHG6FLHQFHV)LQODQGILUVWODVW#PHWURSROLDIL

3DSHU1XPEHU6/


,QWURGXFWLRQ 

)RUHVWVDUHPDSSHGDQGPRQLWRUHGIRUPXOWLSOHSXUSRVHV,QUHPRWHVHQVLQJ56WKHPDLQDLP
RI PDSSLQJ DQG PRQLWRULQJ IRUHVWV LV WR SURGXFH DFFXUDWH LQIRUPDWLRQ IRU IRUHVW PDQDJHUV
WKURXJKWKHXVHRIHIILFLHQWPHWKRGV,QUHFHQW\HDUV56KDVWDNHQDVLJQLILFDQWWHFKQRORJLFDO
OHDS IRUZDUG ,W KDV EHFRPH SRVVLEOH WR DFTXLUH WKUHHGLPHQVLRQDO ' VSDWLDOO\ DFFXUDWH
LQIRUPDWLRQIURPIRUHVWUHVRXUFHVXVLQJDFWLYH56PHWKRGV$LUERUQHODVHUVFDQQLQJ$/6KDV
EHHQ WKHPRVWZLGHO\XVHGSUDFWLFDODSSOLFDWLRQRI'56$/6FROOHFWV'LQIRUPDWLRQIURP
IRUHVWUHVRXUFHVHQDEOLQJDKLJKO\DFFXUDWHPDSSLQJRIWUHHRUVWDQGYDULDEOHV)RUH[DPSOHWKH
HVWLPDWHG URRW PHDQ VTXDUH HUURU 506( DFFXUDFLHV IRU WRWDO YROXPH KDYH UDQJHG EHWZHHQ
DQGDWWKHVWDQGOHYHOLQWKH1RUGLFFRXQWULHV1 VVHWHWDO,QDGGLWLRQWR$/6
QHZ VDWHOOLWH UDGDUV DUH FDSDEOH RI DFTXLULQJ VSDWLDOO\ DFFXUDWH ' LQIRUPDWLRQ E\ XVLQJ
UDGDUJUDPPHWU\RULQWHUIHURPHWU\ 

,Q)LQODQGWKHSRWHQWLDODSSOLFDWLRQVRI56VXFKDVWKHXWLOL]DWLRQRIVDWHOOLWHUDGDUDQGDHULDO
LPDJHV LQ WKH VSDWLDOO\DFFXUDWHPDSSLQJRI IRUHVWYDULDEOHVKDVEHHQVWXGLHG LQWHQVLYHO\EXW
WKHPHWKRGRORJLHVKDYHQRWHQWHUHGJHQHUDOXVH LQSUDFWLFDO IRUHVWPDQDJHPHQWRUSUHKDUYHVW
SODQQLQJ 7KH UHDVRQ LV VLPSOH 7KH DFFXUDF\ LQ IRUHVW YDULDEOH HVWLPDWLRQ DW WKH VWDQG OHYHO
XVLQJ WZRGLPHQVLRQDO '56GDWDKDVEHHQ LQDGHTXDWH7KH'LQIRUPDWLRQREWDLQHGIURP
IRUHVWUHVRXUFHVE\DFWLYH56KDVOLIWHG56EDVHGPDSSLQJDSSOLFDWLRQVWRDQHZOHYHO 

7KLVSDSHUVXPPDUL]HVWKHPDLQILQGLQJVRID3K'WKHVLV9DVWDUDQWDWKDWGHYHORSHG'
IRUHVWPDSSLQJDQGPRQLWRULQJDSSOLFDWLRQVIURPD1RUGLFSHUVSHFWLYH0DLQO\RULJLQDOSDSHUV
DUHFLWHGDQGDEURDGHUVFRSHFDQEHIRXQGLQ9DVWDUDQWD7KHEDFNJURXQGVRIVSHFLILF
PDSSLQJ DQGPRQLWRULQJ WDVNV DUH SUHVHQWHG LQ FKDSWHU 5HVXOWV DUH UHYLHZHG LQ FKDSWHU 
IROORZHGE\WKHFRQFOXVLRQLQFKDSWHU 
  

7KHEDFNJURXQGVDQGPDLQREMHFWLYHV

0DSSLQJRIKDUYHVWLQJVLWHV

)RUHVWPDSSLQJDQGPRQLWRULQJLVFDUULHGRXWWRVXSSRUWGHFLVLRQPDNLQJE\WKHIRUHVWRZQHU,Q
RSHUDWLYH IRUHVW PDQDJHPHQW SODQQLQJ LQSXW GDWD KDYH EHHQ WUDGLWLRQDOO\ JDWKHUHG XVLQJ
VWDQGZLVHILHOGLQYHQWRU\6:),,Q6:),ZRRGSURFXUHPHQWSRWHQWLDOWKHDPRXQWRIURXQG
ZRRG UHPRYDO DQG IRUHVW PDQDJHPHQW SURSRVDOV DUH PDSSHG DQG GHWHUPLQHG ,Q DGGLWLRQ WR
VWDQGYDULDEOHVVLWHW\SHVDUHFODVVLILHGWRPDSIRUHVWJURZWKSRWHQWLDOWKHWKLQQLQJUHJLPHDQG
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ELRGLYHUVLW\ )RUHVW JURZWK DQG \LHOG DUH DOVR KLJKO\ FRUUHODWHGZLWK IRUHVW HVWDWH YDOXH 7KH
ZRRGSURFXUHPHQWFKDLQIURPIRUHVWWRXVHUVVWDUWVZLWKNQRZOHGJHRIWKHVWDQGVDYDLODEOHIRU
KDUYHVWLQJ7KHPDSSLQJRISRWHQWLDOKDUYHVWLQJVLWHVLVRQHRIWKHNH\GHFLVLRQVIRUODUJHVFDOH
IRUHVW RZQHUV /DDPDQHQ DQG .DQJDV  7KH DFFXUDF\ RI WKH 6:), GDWD KDV QRW EHHQ
DGHTXDWHIRUPDSSLQJWKHWKLQQLQJDQGILQDOFXWWLQJVLWHV7KXVSUHKDUYHVWPHDVXUHPHQWVKDYH
EHHQFDUULHGRXWVHSDUDWHO\EDVHGRQH[LVWLQJ6:),FDXVLQJDGGLWLRQDOILHOGZRUN 

&XUUHQWO\ WKH UHWULHYDORI VWDQGYDULDEOHVZKLFK LV QHHGHG LQ IRUHVWPDQDJHPHQWSODQQLQJ LV
EHLQJ UHSODFHG E\ D WZRVWDJH SURFHGXUH XVLQJ $/6 GDWD DQG ILHOG SORWV LH DQ DUHDEDVHG
DSSURDFK $%$ 1 VVHW  6WLOO IRUHVW PDQDJHPHQW SURSRVDOV DUH PDGH LQ WKH ILHOG E\
IRUHVWHUV ,Q9DVWDUDQWD HW DO D DPHWKRG WRSUHGLFW VWDQG WKLQQLQJPDWXULW\ XVLQJ$/6
GDWDZDVGHPRQVWUDWHG7KHPHWKRGFDQEHXVHGIRUWKHPDSSLQJRIKDUYHVWLQJVLWHV

0RQLWRULQJRIIRUHVWFDQRS\FKDQJHV

,Q)LQODQGUDWKHUH[SHQVLYH6:),HQGHDYRXUVKDYHEHHQFDUULHGRXWRQFHHYHU\\HDUVDQG
XSGDWHGIRUHVWUHVRXUFHLQIRUPDWLRQIRUWKHLQWHUPHGLDWH\HDUVKDVEHHQSUHGLFWHGXVLQJJURZWK
PRGHOV$QRWKHURSWLRQLVWRXVHFRQWLQXRXVXSGDWLQJLQIRUHVWPDQDJHPHQWZKHUHIRUHVWVWDQGV
DUHLQYHQWRULHGDIWHUHDFKRSHUDWLRQDQGWKHJURZWKEHWZHHQRSHUDWLRQVLVXSGDWHGXVLQJJURZWK
PRGHOV +RZHYHU QHLWKHU RI WKHVH PHWKRGV SURYLGHV DQ HIILFLHQW PHDQV WR PRQLWRU UDSLG
FKDQJHVLQWKHIRUHVWVLHPRQLWRULQJDSSOLFDWLRQVUHODWHGWRIRUHVWJURZWKDQGWKHPDSSLQJRI
QDWXUDOKD]DUGVDUHUHTXLUHGDWYDU\LQJVFDOHV0XOWLWHPSRUDOVSDWLDOO\DFFXUDWH'56GDWDVHWV
DUH EHFRPLQJ PRUH JHQHUDO ZKLFK HQDEOHV QRYHO PRQLWRULQJ DSSOLFDWLRQV 9DVWDUDQWD HW DO
D SUHVHQW D PHWKRG IRU PRQLWRULQJ FKDQJHV LQ WKH IRUHVW FDQRS\ VWUXFWXUH XVLQJ
ELWHPSRUDO$/6GDWD

(IILFLHQWIRUHVWELRPDVVDQGYROXPHPDSSLQJXVLQJ$/6DQGVWHUHR6$5GDWD

$/6EDVHGLQYHQWRU\PHWKRGRORJLHVZHUHDGRSWHGTXLFNO\DIWHUWKHILUVWSURPLVLQJVWXGLHVHJ
1LOVVRQ1 VVHWDE+\\SSlDQG,QNLQHQ)RUHVWLQYHQWRULHVXVLQJ$/6
LQ SULYDWHO\RZQHG IRUHVWVZHUH ILUVW XQGHUWDNHQ LQ  LQ)LQODQG DQG E\ WKH HQGRI 
DOPRVWPLOOLRQKDKDGEHHQVFDQQHG0DSSLQJRIODUJHIRUHVWDUHDVXVLQJ$/6LVXVXDOO\EDVHG
RQ$%$0DSSLQJFRXOGEHPDGHPRUHHIIHFWLYHE\UHGXFLQJH[SHQVLYHILHOGSORWVLHUHGXFHG
DPRXQW RI ILHOGZRUN RUE\ XVLQJ LQH[SHQVLYH56GDWD 6LQJOHWUHH UHPRWH VHQVLQJ FRXOG EH
XVHG WR DFTXLUH WKHPRGHOOLQJ GDWD QHHGHG LQ$%$9DVWDUDQWD HW DO E GHPRQVWUDWHG D
IXOO\56EDVHGIRUHVWPDSSLQJPHWKRG7KHPHWKRGXVHV$/6GDWDDQGLVFDSDEOHRISURGXFLQJ
DFFXUDWHVWDQGYDULDEOHHVWLPDWHVHYHQDWWKHVXEFRPSDUWPHQWOHYHO

$LUERUQHODVHUVFDQQLQJLVUHODWLYHO\H[SHQVLYHSHUDUHDXQLWFRPSDUHGWRVSDFHERUQH56GDWD
7KXV RWKHU UHPRWHO\ VHQVHG GDWD ZLOO VWLOO EH QHHGHG HVSHFLDOO\ LQ PRQLWRULQJ DSSOLFDWLRQV
UHTXLULQJKLJKWHPSRUDOUHVROXWLRQ$SURPLVLQJDSSURDFKWRPDSDQGPRQLWRUIRUHVWUHVRXUFHV
E\ UDGDU LPDJLQJ LV UDGDUJUDPPHWU\ .DUMDODLQHQ HW DO  GHYHORSHG D
UDGDUJUDPPHWU\EDVHGPHWKRGWRSUHGLFWSORWOHYHOIRUHVWYDULDEOHVDV9DVWDUDQWDHWDOF
FRPSDUHGWKLVDSSURDFKWRVWDWHRIWKHDUW$/6PHWKRG


5HYLHZRIWKHUHVXOWV

0DSSLQJRIKDUYHVWLQJVLWHV 

,Q9DVWDUDQWD HW DO D WKH ILUVW WHVWVZHUH FRQGXFWHG WR SUHGLFW WKH WKLQQLQJPDWXULW\ RI
VWDQGVXVLQJ$%$7KHVWXG\ZDV FDUULHGRXW LQ(YR6RXWKHUQ)LQODQG DQG WKH UHVXOWVZHUH
HYDOXDWHGZLWKWHVWSORWVORFDWHGLQ\RXQJDQGDGYDQFHGWKLQQLQJVWDQGV7KHJURXQGWUXWK
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UHJDUGLQJWKHWLPLQJRIWKLQQLQJZDVGHWHUPLQHGLQWKHILHOGE\DQH[SHUW6WDQGVWKDWZLOOUHDFK
WKLQQLQJPDWXULW\ZLWKLQ WKH QH[W \HDU SHULRG  DQG VWDQGV LQZKLFK WKLQQLQJ VKRXOG EH
GRQH LPPHGLDWHO\ ZHUH ORFDWHG XVLQJ ORJLVWLF UHJUHVVLRQ DQG N061 /RJLVWLF UHJUHVVLRQ
PRGHOVEDVHGRQ$/6SRLQWKHLJKWPHWULFVSUHGLFWHGWKHWKLQQLQJPDWXULW\ZLWKDFODVVLILFDWLRQ
DFFXUDF\ UDWH RI   DQG  7KH UHVSHFWLYH SHUFHQWDJHVZHUH DQG ZLWK
k061 

9DVWDUDQWD HW DO D GHPRQVWUDWHG WKH IHDVLELOLW\ RI XWLOL]LQJ $/6 GDWD IRU SUHGLFWLQJ
VWDQGWKLQQLQJPDWXULW\6XEMHFWLYHH[SHUWNQRZOHGJHZDVXVHGLQWKHVWXG\DVDUHIHUHQFHDQG
WKDWFDQEHVHHQDVDGUDZEDFN2QWKHRWKHUKDQGLWHQDEOHVRQHWRXVHLWLQDZLGHUDQJHRI
IRUHVW FRQGLWLRQV DQG WKLQQLQJ UHJLPHV DW OHDVW LQ WKHRU\1lUKL HW DO  DOVR XVHG$/6
IHDWXUHV LQ FODVVLI\LQJ D VWDQG¶V SUHFRPPHUFLDO WKLQQLQJPDWXULW\ZLWK DQ RYHUDOO DFFXUDF\ RI
 ,QJHQHUDO WKH$/6EDVHGSUHGLFWLRQRIIRUHVWPDQDJHPHQWSURSRVDOVFRXOGSURYLGHD
SUDFWLFDOIXWXUHPHDQVRIORFDWLQJVWDQGVZLWKRSHUDWLRQDOQHHGV

0RQLWRULQJRIIRUHVWFDQRS\FKDQJHV

0XOWLWHPSRUDO$/6GDWDLVRILQWHUHVWLQIRUHVWPRQLWRULQJDSSOLFDWLRQV7KHVQRZYROXPLQRXV
ZLQWHURIRSHQHGXSWKHSRVVLELOLW\RIVWXG\LQJWKHXVHRIELWHPSRUDO$/6LQVQRZ
GDPDJHPDSSLQJQHDUWKH+\\WLlOlIRUHVWUHVHDUFKVWDWLRQLQ6RXWKHUQ)LQODQG$/6GDWDZHUH
DFTXLUHG LQ \HDUV  7KH GDPDJH ZDV GRFXPHQWHG LQ WHQ SHUPDQHQW 6FRWV
SLQHGRPLQDWHGSORWV9DVWDUDQWDHWDODGHYHORSHGD¨&+0PHWKRGIRUWKHGHWHFWLRQRI
VQRZGDPDJHG FURZQV ,Q LW ELWHPSRUDO $/6 &+0V ZHUH FRQWUDVWHG DQG WKH UHVXOWLQJ
GLIIHUHQFH LPDJHZDVDQDO\]HGXVLQJELQDU\ LPDJHRSHUDWLRQV WRH[WUDFW WKHGDPDJHGFURZQV
3HUIRUPDQFHZDVHYDOXDWHGE\HUURUVRIRPLVVLRQDQGFRPPLVVLRQDVZHOO DV WKH HUURU LQ WKH
HVWLPDWHG GDPDJHG FURZQ SURMHFWLRQ DUHD '&3$ 7KHPHWKRGPDNHV XVH RI WZR WKUHVKROG
SDUDPHWHUV WKH UHTXLUHG KHLJKW GLIIHUHQFH ¨K LQ WKH FRQWUDVWHG &+0V DQG WKH PLQLPXP
SODXVLEOHDUHDRIGDPDJHP&&7KHEHVWFDVHSHUIRUPDQFHZDVHYDOXDWHGIRUWKHVHSDUDPHWHUV
DQGWKHRSWLPDOYDOXHVZHUHaPIRU¨KDQGaPIRUP&&7KHSORWOHYHORPLVVLRQHUURU
UDWHV ZHUH  ZKLOH WKH FRPPLVVLRQ HUURU UDWHV ZHUH  7KH UHODWLYH HVWLPDWLRQ
DFFXUDF\UDWHRIWKH'&3$ZDV7KHVWURQJHVWSUHGLFWRUVRIVQRZGDPDJHZHUHVWHP
WDSHULQJUHODWLYHWUHHVL]HDQGORFDOVWDQGGHQVLW\ 

9DVWDUDQWDHWDO DKDGGHQVH VPDOOIRRWSULQW$/6GDWDDQG WKHJULGVL]H LQ WKH&+0V
ZDV P 6SDUVHU GDWD LV OLNHO\ WR EH XVHG LQ SUDFWLFH IRU GHWHFWLQJ FRUUHVSRQGLQJ GDPDJH
+RZHYHU LW FDQ EH DVVXPHG WKDW GHYHORSHGPHWKRG LV QRW RYHUVHQVLWLYH WR WKH SXOVH GHQVLW\
DSSOLHG7KHDYHUDJHFURZQVL]HLVDOVRDQLPSRUWDQWIDFWRUDVLW LV OLQNHGWRSXOVHGHQVLW\,Q
JHQHUDOWKHODUJHUDQGIHZHUWKHFURZQVDUHWKHOHVVGHQVHWKH$/6GDWDQHHGVWREH

9DVWDUDQWDHWDOEWHVWHGWKHDUHDEDVHGFODVVLILFDWLRQRIVQRZGDPDJHZLWKPXOWLWHPSRUDO
$/6GDWD,QWKHVWXG\DIRUHVWDUHDZDVGLYLGHGLQWRXQGDPDJHGDQGGDPDJHGJULGFHOOV7KH
SUHGLFWRUVXVHGZHUHWKH$/6SRLQWKHLJKWFKDQJHPHWULFVDQGVWHSZLVHORJLVWLFUHJUHVVLRQZDV
XVHGLQWKHFODVVLILFDWLRQ7KHRYHUDOOFODVVLILFDWLRQDFFXUDF\IRUWKHVQRZGDPDJHGDUHDVZDV
 ZLWK D .DSSDYDOXH RI  9DVWDUDQWD HW DO E FRQFOXGHG WKDW DUHDEDVHG
HVWLPDWLRQLVDOVRVXLWDEOHIRUVQRZLQGXFHGFKDQJHGHWHFWLRQ$UHDEDVHGHVWLPDWLRQFRXOGDOVR
GHWHFW FKDQJHV LQ WUHHV WKDW DUH QRW FRQWULEXWLQJ WR &+0 ZKLFK LV QRW SRVVLEOH ZLWK
PHWKRGRORJLHVWKDWRQO\XVHFKDQJHVLQ&+0V

7KH¨&+0PHWKRG LV DSRWHQWLDO WRRO IRU WKHPRQLWRULQJRI VWUXFWXUDO FDQRS\FKDQJHV LQ WKH
GRPLQDQW WUHH OD\HU $OWKRXJK WKH PHWKRG ZDV GHYHORSHG DQG HYDOXDWHG LQ ERUHDO 6FRWV
SLQHGRPLQDWHG VWDQGV LW VKRXOG EH DSSOLFDEOH WR D ZLGH UDQJH RI IRUHVW FRQGLWLRQV ZLWK
GLIIHUHQWSDUDPHWHUYDOXHV%LWHPSRUDO$/6GDWDDUHQRWZLGHO\DYDLODEOHDQG WKHDFTXLVLWLRQ
FRVWVIRUPDNLQJDGDPDJHLQYHQWRU\ZRXOGEHVXEVWDQWLDO6QRZGDPDJHLVDORFDOSKHQRPHQRQ
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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WKDW LV UHODWHG WR WRSRJUDSK\ZKLOH VHYHUH VWRUP GLVWXUEDQFHV RFFXU RQ D ODUJHU VFDOH /DUJH
FRQWLQXRXVDUHDVDUHQHHGHGIRUFRVWHIILFLHQW$/6FDPSDLJQVDQGWKHPHWKRGRORJ\SURSRVHG
KHUHLVDSSOLFDEOHXQGHUVXFKFLUFXPVWDQFHV

(IILFLHQWIRUHVWELRPDVVDQGYROXPHPDSSLQJXVLQJ$/6DQGVWHUHR6$5GDWD

Airborne laser scanning data-based forest mapping applications without any field data 

$/6EDVHGIRUHVWPDSSLQJFRXOGEHPRUHHIIHFWLYHE\UHGXFLQJH[SHQVLYHUHIHUHQFHSORWVLH
UHGXFHGDPRXQWRIILHOGZRUN9DVWDUDQWDHWDOEFDUULHGRXWDSLORWVWXG\E\FRPELQLQJ
ODVHUVFDQQLQJLQYHQWRU\PHWKRGV,QGLYLGXDOWUHHGHWHFWLRQ,7'PHWKRGIURP$/6GDWDZDV
XVHGWRPHDVXUHWUDLQLQJGDWDIRUWKH$%$,QDGGLWLRQWRDXWRPDWLF,7',7'DXWRFRPELQDWLRQ
RI ,7'DXWR DQGYLVXDO LQWHUSUHWDWLRQ ,7'YLVXDOZDV WHVWHG ,7'YLVXDO KDG WZR VWDJHV LQ WKH ILUVW
,7'DXWRZDVFDUULHGRXWDQGLQWKHVHFRQGWKHUHVXOWVRIWKH,7'DXWRZHUHYLVXDOO\FRUUHFWHGE\
LQWHUSUHWLQJ ' ODVHU SRLQW FORXGV ,7'DXWR LV XVXDOO\ FDUULHG RXW XVLQJ RQO\ WKH &+0
LQIRUPDWLRQDQGWKHXQGHUVWRU\WUHHVWKDWGRQRWFRQWULEXWHWRWKH&+0DUHQRWGHWHFWHG9LVXDO
LQWHUSUHWDWLRQ LV QRW IHDVLEOH LQ PDSSLQJ EXW FRXOG EH XWLOL]HG ZKHQ DFTXLULQJ WUDLQLQJ GDWD
9DVWDUDQWD HW DO E DVVXPHG WKDW WKH KXPDQ H\H FDQ GHWHFW XQGHUVWRU\ WUHHV VHSDUDWH
FORVHO\JURZLQJWUHHVRUGURSFRPPLVVLRQHUURUVHDVLO\IURPWKHZKROHSRLQWFORXGFRPSDUHG
ZLWKFXUUHQW,7'DOJRULWKPV

7KH506(LQWKHLPSXWHG92/ZDVDQGIRUWKH$%$WUDLQHGZLWKILHOG
PHDVXUHPHQWV,7'DXWRDQG,7'YLVXDOUHVSHFWLYHO\:KHQ,7'PHWKRGVZHUHDSSOLHGLQDFTXLULQJ
WUDLQLQJGDWDWKH92/%$DQG'JZHUHXQGHUHVWLPDWHGLQWKH$%$E\&RQWUDU\WR
WKH DVVXPSWLRQ$%$,7'YLVXDO GLG QRW SURYLGHGPRUH DFFXUDWH UHVXOWV WKDQ WKH$%$,7'DXWR7KLV
SKHQRPHQRQPXVWUHODWHWRWKHQXPEHURIQHDUHVWQHLJKERXUVXVHGLQWKHHVWLPDWLRQ$EVROXWH
DFFXUDF\ZLWKLQ RQH ILHOG SORW LV QRW DV FUXFLDOZKHQ WKH LPSXWHG YDULDEOH LV FDOFXODWHG DV D
ZHLJKWHGPHDQRYHUVHYHUDORIWKHQHDUHVWQHLJKERXUV

6HYHUDORWKHU$/6LQYHQWRU\VWXGLHVKDYHEHHQFDUULHGRXWLQWKHVDPHDUHD+RORSDLQHQHWDO
HVWLPDWHGWKHSORWOHYHO92/ZLWKD506(XVLQJILHOGSORWVIRUWUDLQLQJWKH
k11PHWKRG7KHSXOVHGHQVLW\XVHGZDVKLWVSHUPDQGWKHUHVXOWVZHUHYDOLGDWHGXVLQJ
OHDYHRQHRXWFURVVYDOLGDWLRQ<XHWDOREWDLQHGDQ506(RIIRU,7'ZLWKRXW
DQ\ FDOLEUDWLRQ DQG IRU WKH$%$7KHLU UHVXOWVZHUH YDOLGDWHGZLWK  SORWV DQG WKH
SXOVHGHQVLW\XVHGZDVKLWVSHUP,Q9DVWDUDQWDHWDOEDVLPLODUOHYHORIHUURUVZDV
REWDLQHGZLWKRXW DQ\ ILHOGPHDVXUHPHQWV+RZHYHU WKH SXOVH GHQVLW\ XVHGZDVPXFK KLJKHU
aKLWVP WKDQ WKRVH XVHG LQ WKH DIRUHPHQWLRQHG VWXGLHV WKDW IDYRXUHG ,7'$OWKRXJK WKH
PHWKRGFDQEHXVHGZLWKRXWDQ\ILHOGPHDVXUHPHQWVLWPLJKWEHSUDFWLFDOWRXVHVRPHWUHHOHYHO
WUDLQLQJGDWD

7KHPHWKRGGHYHORSHGFRXOGEHDSSOLHGLQDUHDVZLWKVSDUVHURDGQHWZRUNVRUZKHQWKHFRVWVRI
ILHOGZRUNPXVWEHPLQLPL]HG7KHPHWKRGLVHVSHFLDOO\VXLWDEOHIRUODUJHVFDOHELRPDVVRUWUHH
YROXPHPDSSLQJ


Mapping of forest above-ground biomass and stem volume using TerraSAR-X stereo SAR data 

,Q DGGLWLRQ WR UHGXFLQJ ILHOG GDWD DQRWKHU RSWLRQ LQPDNLQJ 56EDVHG IRUHVW PDSSLQJ PRUH
HIIHFWLYH LV WR XVH LQH[SHQVLYH 56 GDWD 6SDWLDOO\ DFFXUDWH VSDFHERUQH 6$5 GDWD ZRXOG EH
VXLWDEOHIRUPRQLWRULQJDSSOLFDWLRQVZKHUHDKLJKGHJUHHRIWHPSRUDOUHVROXWLRQLVQHHGHG7KH
UHVXOWV REWDLQHG E\ 3HUNR HW DO  VKRZHG WKDW ;EDQG VWHUHR 6$5 VDWHOOLWH GDWD KDYH
SRWHQWLDO LQ IRUHVW ELRPDVV PDSSLQJ DQG PRQLWRULQJ HYHQ DW D VXEVWDQGOHYHO 7KH XVH RI
UDGDUJUDPPHWU\ PD\ DOVR RYHUFRPH WKH FKDOOHQJHV IDFHG LQ WKH PDSSLQJ RI IRUHVW YDULDEOHV
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XVLQJ UDGDULQWHQVLW\ LQIRUPDWLRQ 7HUUD6$5; VWHUHR UDGDUJUDPPHWU\ DQG VSDUVH QDWLRQZLGH
$/6GDWD FRXOG EH HIILFLHQWPHWKRGV IRU LQYHQWRU\LQJ DQGPRQLWRULQJ DERYHJURXQGELRPDVV
$*%IRUODUJHIRUHVWHGDUHDV,QUDGDUJUDPPHWU\WKHSUREOHPRIUHODWLQJLQWHQVLW\LQIRUPDWLRQ
WR IRUHVW YDULDEOHV LV WUDQVIRUPHG LQWR D SUREOHPRI UHODWLQJ WKH H[WUDFWHG HOHYDWLRQ YDOXHV WR
IRUHVWYDULDEOHV+RZHYHUZKHQLQIRUPDWLRQDERXWWKHIRUHVWKHLJKWLVREWDLQHGLWLVDSDUDPHWHU
WKDWLVKLJKO\FRUUHODWHGZLWKIRUHVWVWHPYROXPHDQG$*%UHVSHFWLYHO\DVLQ$/6.DUMDODLQHQ
HW DO  GHYHORSHG D UDGDUJUDPPHWU\EDVHGPHWKRG WR SUHGLFW SORWOHYHO IRUHVW YDULDEOHV
'SRLQWVZHUHH[WUDFWHGIURPVWHUHR6$5LPDJHV;EDQG7HUUD6$5;VDWHOOLWHLPDJHVWREH
XVHG DV SUHGLFWRUV LQ SORWOHYHO IRUHVW YDULDEOH HVWLPDWLRQ 7KH H[WUDFWHG SRLQW KHLJKW YDOXHV
DSSHDUHG WR EH VRPHZKHUH EHWZHHQ WKH JURXQG VXUIDFH DQG WKH WRS RI WKH FDQRS\ 7KH
HVWLPDWLRQPHWKRGRORJLHVIROORZHGWKHVWDQGDUG$%$SURFHGXUHVWKDWKDYHEHHQXVHGZLWK$/6
GDWD 

7KH5DQGRP)RUHVWPHWKRG%UHLPDQZDVXVHGLQSUHGLFWLRQDQGWKHUHODWLYHSORWOHYHO
506(V IRU $*% DQG 92/ ZHUH   WKD DQG   PKD ZKHQ XVLQJ
7HUUD6$5; VWHUHR UDGDUJUDPPHWU\ PHWULFV DV D SUHGLFWRUV ,Q JHQHUDO VXFK D KLJK OHYHO RI
SUHGLFWLRQDFFXUDF\FDQQRWEHREWDLQHGXVLQJVSDFHERUQH56GDWDLQWKHERUHDOIRUHVW]RQH)RU
H[DPSOH+\\SSlHWDOFRPSDUHG6327;663273$1/DQGVDW70(566$5DQG
-(566$5GDWD7KHUHODWLYHHUURUVLQ92/HVWLPDWLRQYDULHGIURPWR9DVWDUDQWDHWDO
F FRPSDUHG UDGDUJUDPPHWU\EDVHG $*% DQG 92/ SUHGLFWLRQ DFFXUDF\ WR WKH $/6
SUHGLFWLRQVZLWKWKHVDPHGDWDVHWDVLQ.DUMDODLQHQHWDO7KH$/6SUHGLFWLRQDFFXUDFLHV
ZHUHWKDDQGPKD7KH$/6LPSXWDWLRQVZHUHXQGRXEWHGO\PRUH
DFFXUDWH WKDQ WKH LPSXWDWLRQV PDGH E\ XVLQJ 7HUUD6$5; VWHUHR UDGDUJUDPPHWU\ PHWULFV
+RZHYHU WKH GLIIHUHQFH EHWZHHQ WKH HVWLPDWLRQ DFFXUDFLHV RI $/6EDVHG DQG 7HUUD6$5
;EDVHGIHDWXUHVZHUHVPDOOHUWKDQLQDQ\SUHYLRXVVWXG\LQZKLFK$/6DQGGLIIHUHQWNLQGVRI
6$5GDWDKDYHEHHQFRPSDUHGLQIRUHVWYDULDEOHSUHGLFWLRQHJ+\GHHWDO+RORSDLQHQ
HWDO$/6DSSHDUVWREHVXSHULRUFRPSDUHGWRVWHUHR6$5GDWDPDLQO\GXHWRWKHPXFK
KLJKHUSRLQWGHQVLW\DQG ORZHUSHQHWUDWLRQWRWKHIRUHVWFDQRS\2QWKHRWKHUKDQGE\DGGLQJ
PRUHVWHUHRSDLUVLQWRWKHSURFHVVWKHQXPEHURI'SRLQWVFRXOGLQFUHDVHVOLJKWO\ORZHULQJWKH
UHODWLYH HUURUV 7KH IXWXUH XVH RI VSDFHERUQH 6$5 UDGDUJUDPPHWU\ FRXOG EH D FRVWHIILFLHQW
PHWKRGIRUVSDWLDOO\DFFXUDWHODUJHDUHD$*%PDSSLQJ,WVKRXOGEHSRLQWHGRXWWKDWWKHPHWKRG
UHTXLUHVDFFXUDWH'(0ZKLFKLVXVXDOO\GHULYHGXVLQJ$/6GDWD

$Q DOWHUQDWLYH WR UDGDUJUDPPHWU\ ZKHQ H[WUDFWLQJ ' HOHYDWLRQ GDWD IURP UDGDU LV
LQWHUIHURPHWU\,WKDVDOVRSURYLGHGVLPLODUOHYHORIDFFXUDFLHVLQIRUHVWYDULDEOHSUHGLFWLRQDWWKH
SORW OHYHO 6ROEHUJ HW DO D E7KXV ' 6$5 GDWD DSSHDUV WR EH DQ LQWHUHVWLQJ56
WHFKQLTXHIRUIXWXUHIRUHVWPDSSLQJDQGPRQLWRULQJ6LQFH6$5VDWHOOLWHVHQDEOHWKHPDSSLQJRI
ZLGH DUHDV WKH\ FRXOG EH XVHG LQ DFTXLULQJ GHWDLOHG IRUHVW UHVRXUFH LQIRUPDWLRQ HYHQ DW WKH
FRQWLQHQWDO OHYHO7KH'6$5GDWDFRXOGDOVRVXLW IRUHVWPRQLWRULQJZHOODV WKH6$5EDVHG
SRLQWFORXGVFDQEHDGDSWHGWRWKHPHWKRGVXVHGLQRSHUDWLRQDOIRUHVWLQYHQWRULHVEDVHGRQ$/6
GDWD 


&RQFOXVLRQV

7KHSRVVLELOLW\RIDFTXLULQJVSDWLDOO\DFFXUDWHDFWLYH'56LQIRUPDWLRQLQVWHDGRI'KDVEHHQ
DPDMRUWXUQLQJSRLQWLQIRUHVWPDSSLQJDQGPRQLWRULQJ:KHQWKHDLPLVWRSURGXFHDVDFFXUDWH
IRUHVW UHVRXUFHLQIRUPDWLRQDVSRVVLEOHIRU IRUHVWPDQDJHUV WKLVFKDQJHKDVRSHQHGXS WRWDOO\
QHZSRVVLELOLWLHV$/6LVDQHIILFLHQWWRROIRU'PHDVXULQJRIWKHIRUHVWIURPDERYH+RZHYHU
WKHIO\LQJDOWLWXGHVZKHQDFTXLULQJ$/6GDWDDUHUHODWLYHO\ORZZKLFKPDNHVLWH[SHQVLYHSHU
DUHD XQLW FRPSDUHG WR VSDFHERUQH 56 GDWD ,Q DGGLWLRQ WR $/6 RWKHU 56 GDWD LV QHHGHG
HVSHFLDOO\LIXSGDWHGLQIRUPDWLRQIRUIRUHVWPRQLWRULQJLVUHTXLUHGZLWKKLJKWHPSRUDOUHVROXWLRQ
7KH'WHFKQLTXHVRILQWHUIHURPHWU\DQGUDGDUJUDPPHWU\DUHDSSHDOLQJVSDFHERUQHRSWLRQV LQ
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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VXFKFDVHV 
 
7KH WKHVLV E\9DVWDUDQWD  FRYHUHG D UDQJH RI DSSOLFDWLRQV DQGPDQ\ RI WKH VXJJHVWHG
PHWKRGRORJLHVZDUUDQW IXUWKHU VWXGLHV%DVHGRQ WKH ILQGLQJV LQ9DVWDUDQWD HYHQ IXOO\
UHPRWHO\VHQVHGIRUHVWPDSSLQJLVSRVVLEOHZLWKWKHVDPHDFFXUDF\OHYHODVLQWUDGLWLRQDO6:),
0RQLWRULQJ RI IRUHVW ELRPDVV FKDQJHV LV RQH RI WKHQHDUIXWXUH DSSOLFDWLRQVZKHUH DFWLYH56
GDWDZLOOEH UHTXLUHG'DWD DFTXLVLWLRQ FRVWV DUHGURSSLQJDOO WKH WLPH DQGGDWDSURFHVVLQJ LV
EHFRPLQJPRUHDXWRPDWHGHQDEOLQJLWVXVHLQODUJHUDUHDVHYHQLQJOREDODSSOLFDWLRQV

$FNQRZOHGJHPHQWV 

7KLVVWXG\ZDVPDGHSRVVLEOHE\ILQDQFLDODLGIURPWKH)LQQLVK$FDGHP\SURMHFWVµ,PSURYLQJ
WKH)RUHVW6XSSO\&KDLQE\PHDQVRI$GYDQFHG/DVHU0HDVXUHPHQWV¶/LPSDFWDQGµ6FLHQFH
DQG7HFKQRORJ\7RZDUGV3UHFLVLRQ)RUHVWU\¶3UHFLVH)RU

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
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1. Introduction 

.QRZOHGJHRQWKHVWUXFWXUHRIYHJHWDWLRQLVUHTXLUHGLQDQXPEHURIDSSOLFDWLRQV'HSHQGLQJRQ
WKH VFDOH DW ZKLFK WKH PRGHOHG SURFHVVHV RFFXU RU DW ZKLFK WKH SDUDPHWHUV RI LQWHUHVW DUH
UHTXLUHG WKLVFDQHLWKHUEHGRPLQDWHGE\ ODUJHU VWUXFWXUHV HJ D VWDQGRUSORWE\VLQJOH WUHH
SRVLWLRQV RU DW ILQHU GHWDLOV OLNH WKH LQGLYLGXDO EUDQFKLQJ VWUXFWXUH $W HYHQ ILQHU VSDWLDO
UHVROXWLRQLQGLYLGXDOOHDYHVRUQHHGOHVFDQEHGHVFULEHG0RGHOLQJDVVXFKFDQRFFXUVSDWLDOO\
H[SOLFLWRUDVDGLVWULEXWLRQ,QWKHILUVWFDVHRI'PRGHOLQJWKHDYDLODEOHPRGHOLQJPHWKRGVXVH
SRO\JRQV RU SRO\KHGUDO VXUIDFHV IUHHIRUP FXUYHV DQG VXUIDFHV )DULQ  RU SDUDPHWULF
SULPLWLYHV0lQW\OlOLNHHJF\OLQGHUVRULQWKHFDVHRISODQDUVKDSHVHOOLSVHV7KHVH
JHRPHWULF HOHPHQWV DUH DVVHPEOHG LQ RUGHU WR UHSUHVHQW WKH JHRPHWULF VWUXFWXUH $GGLWLRQDO
LQIRUPDWLRQ HJ RSWLFDOSURSHUWLHV FDQEH DWWDFKHG WR WKH LQGLYLGXDOHOHPHQWV ,Q WKH FDVHRI
PRGHOLQJE\GLVWULEXWLRQVSDUDPHWHUVRILQWHUHVWHJWKHRULHQWDWLRQRIOHDYHVDUHPRGHOHGE\
GHVFULELQJ WKHLU GLVWULEXWLRQ HJ SHUFHQWLOHV RU DYHUDJH YDOXH DQG YDULDQFH %RWK W\SHV RI
PRGHOVFDQ±LQSULQFLSOH±HLWKHUEHGHULYHGIURPPHDVXUHPHQWVRUFRQVWUXFWHGE\DVVXPSWLRQV
RQWKHVWUXFWXUHRIWKHPRGHOHGHOHPHQWV
5DGLDWLYH WUDQVIHUPRGHOLQJXVLQJ UD\ WUDFLQJDOORZVJHQHUDWLQJ VLPXODWLQJ V\QWKHWLF LPDJHV
IURPDPRGHOHG'VFHQHE\IRUZDUGPRGHOLQJ0RUVGRUIHWDO7KHVFDWWHULQJEHKDYLRU
ZLWKLQ WKH FDQRS\ UHTXLUHV DPRGHORI WKH LQGLYLGXDOQHHGOHVRU OHDYHV IRUSURGXFLQJ IDLWKIXO
VLPXODWLRQUHVXOWVHJ'LVQH\HWDO'LVQH\HWDO0RGHOVIRUH[WUDFWLQJWKHEUDQFK
VWUXFWXUHRQO\IURPPHDVXUHPHQWVZHUHGHVFULEHGHJE\7KLHVHWDODQG%XFNVFKDQG
/LQGHQEHUJK8VLQJRQO\WKHDYDLODEOHPHDVXUHPHQWVRIDWHUUHVWULDOODVHUVFDQQHU7/6
SODFHG LQVLGH WKH IRUHVW DQG DQ RUFKDUG UHVSHFWLYHO\ WKHVH DSSURDFKHV DUH QRW DEOH WRPRGHO
LQGLYLGXDOQHHGOHVRUOHDIV2QHZD\WRGHVFULEHIRUH[DPSOHDIRUHVWVWDQGLQFOXGLQJLQGLYLGXDO
QHHGOHVRU OHDYHV LV WRXVHVRIWZDUHSDFNDJHVRIFRPSXWHUJUDSKLFVWRJHQHUDWHDUWLILFLDOO\ WKH
IROLDJH RULHQWDWLRQ DQG YDULDELOLW\ ZLWKLQ WKH LQGLYLGXDO WUHH FURZQV )RU WKLV JHQHUDWLRQ RI
YLUWXDO IRUHVW VWDQGV VHYHUDO DVVXPSWLRQV DQG JHQHUDOL]DWLRQV DUH UHTXLUHG 5XW]LQJHU HW DO
HJH[WUDFWWUHHORFDWLRQKHLJKWVWHPGLDPHWHUDQGFURZQGLDPHWHUIURPPRELOHODVHU
VFDQQLQJ GDWD DQG ³JURZ´ WUHH PRGHOV :HEHU DQG 3HQQ  UHDFKLQJ WKH PHDVXUHG
SDUDPHWHUV&{WpHWDOXVHGIRUWKHUHFRQVWUXFWLRQRI'WUHHDUFKLWHFWXUHIURPWHUUHVWULDO
/L'$5VFDQVDJHQHULFFRQLIHUVKRRWPRGHOEDVHGRQWKHPRGHOGHVFULSWLRQRI6PRODQGHUDQG
6WHQEHUJ+RZHYHU WKHUHLVVWLOOD ODFNRIGHWDLOHGLQIRUPDWLRQFRQFHUQLQJDFWXDOVKRRW
VWUXFWXUHDVVWDWHGLQ&{WpHWDO
7RRYHUFRPH WKH OLPLWDWLRQRI DFWXDO VKRRW VWUXFWXUH LQIRUPDWLRQZHSUHVHQW DQ DSSURDFK IRU
UHFRQVWUXFWLQJ H[DFW JHRPHWULF LQIRUPDWLRQ RQ LQGLYLGXDO WZLJV QHHGOHV DQG OHDYHV IURP
PHDVXUHPHQWV 7KLV UHFRQVWUXFWLRQ FDQ EH SHUIRUPHG ZLWK VXEPLOOLPHWHU DFFXUDF\ XVLQJ D
PHDVXULQJ DUP LQ DQ LQGRRU VHWWLQJ $W WKH FXUUHQW VWDJH WKH DSSURDFK UHTXLUHV QH[W WR WKH
PHDVXUHPHQWLWVHOIPDQXDOLQWHUDFWLRQ,QGLYLGXDOQHHGOHVDQGOHDYHVDVZHOODVWZLJIUDJPHQWV
DUHPRGHOHGLQWHUPVRIWKHLUSRVLWLRQOHQJWKDQGGLUHFWLRQ%DVLFVRIWKHDSSOLHG'PRGHOLQJ
DSSURDFKHVZHUHGHYHORSHGZLWKLQWKH1(:)25+ROODXVSURMHFWIRUDFRDUVHUVFDOHLH
WUHHVWUXFWXUHDQGDUHDGDSWHGDQGLPSURYHGIRUEUDQFKPRGHOLQJZLWKLQWKH'9HJHWDWLRQ/DE
SURMHFW
,Q6HFWKHPHDVXUHPHQWGHYLFHDQGWKHVDPSOHEUDQFKHVRQHFRQLIHURXVDQGRQHGHFLGXRXV
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 
DUHGHVFULEHG,Q6HFWKHPHWKRGVDUHH[SODLQHGDQGWKHUHVXOWVDUHGLVFXVVHGLQ6HF

2. Study objects and data 

2.1 Study objects 

2QH FRQLIHURXV DQG RQH GHFLGXRXV EUDQFK DUH VHOHFWHG DV REMHFWV IRU WKH PRGHOLQJ %RWK
EUDQFKHVEHORQJWRWKHHQGSDUWRIWKHFRUUHVSRQGLQJWUHHOLPEVDQGFDUU\DW\SLFDOVWUXFWXUHRI
WKHLUVSHFLHVZKLFKPDNHVWKHP±LQSULQFLSOH±DOVRVXLWDEOHIRUFORQLQJDOORYHUWKHWUHH7KH
REMHFWV DOVR KDYH VLPLODU VWUXFWXUHV LQ WKH VHQVH WKDW ERWK EUDQFKHV DUH FRPSRVHG RI RQH
³SULPDU\´DQGVHYHUDO³VHFRQGDU\´EUDQFKHV
7KHFRQLIHURXVEUDQFK)LJLVWDNHQIURPDILUWUHHAbies albaDQGLVDSSUR[LPDWHO\FP
ORQJ DQG FRPSOHWHO\ FRYHUHG ZLWK QHHGOHV 7KH ³VHFRQGDU\´ EUDQFKHV VSUHDG DERXW FP
VLGHZD\V IURP WKH ³SULPDU\´ RQH PDLQO\ LQ RQH SODQH 7KH\ FRQWDLQ PDQ\ VKRRWV WKDW DUH
DWWDFKHGWRWKHP:KLOHQRWRILPSRUWDQFHIRUWKHUHFRQVWUXFWLRQPHWKRGWKHROGHVWSDUWRIWKH
EUDQFKZDVHVWLPDWHGWRDQDJHRI\HDUV7KHVKRRWORFDWLRQZLWKLQDVHFRQGDU\EUDQFKZDV
XVHG WR GHWHUPLQH WKH DJH RI WKH VKRRW ZLWK WKH HQG VKRRWV FRQVLGHUHG DV ILUVW \HDU VKRRWV
ZKHUHDVRWKHUVGHFUHDVHLQWKHDJHZKLOHPRYLQJIURPWKHEUDQFKHQGWRZDUGVWKHEUDQFKMRLQW 
7KHGHFLGXRXVEUDQFK)LJFRPHVIURPD(XURSHDQEHHFKWUHHFagus sylvatica&RPSHULQJ
WRWKHFRQLIHURXVEUDQFKLWLVVOLJKWO\ELJJHULQVL]HFDPLQOHQJWKEXWKDVDVLPLODUSODQDU
VSUHDGLQJRI WKHVHFRQGDU\EUDQFKHV7ZLJVZLWKDWWDFKHG OHDYHVDUHVSDUVHO\GLVWULEXWHGRYHU
WKHVHFRQGDU\EUDQFKHVPDNLQJWKHREMHFWVWUXFWXUHPRUH³RSHQ´DQGOHVVFRPSOH[6FDQQLQJRI
WKHEUDQFK LQGRRUV UHTXLUHGD IDVW WUDQVSRUWDWLRQRI WKHFXWEUDQFK WR WKHPHDVXUHPHQWGHYLFH
EHFDXVHRIWKHIDVWGU\LQJRXWSURFHVV 

2.2 Measuring device 

$PHDVXULQJDUP0(75,60&$0 LVXVHG WRDFTXLUHH[DFWJHRPHWULF LQIRUPDWLRQ
7KHLQVWUXPHQWXVHGKDVDWULDQJXODWLRQODVHUVFDQQHUPRXQWHGRQLWVKHDGDQGWKHUHIRUHDOORZV
FRQWDFWOHVVREMHFWVFDQQLQJ$ODVHUVWULSHLVFRQVWDQWO\HPLWWHGDQGLQWHUVHFWVZLWKDQREMHFW¶V
VXUIDFHLISRLQWHGDWLW7KLVLOOXPLQDWHGFURVVVHFWLRQ LVPDSSHGE\DFDPHUDDQGIXUWKHUPRUH
'FRRUGLQDWHVRIWKHLOOXPLQDWHGDUHDDUHGHULYHG,IWKHODVHUVWULSHLVPRYHGRYHUWKHREMHFWD
VRFDOOHG³VFDQQLQJVWULS´LVUHFRUGHG/DUJHUDUHDVDUHFRYHUHGE\VFDQQLQJVHYHUDOVWULSV7KH
0(75,6 PHDVXULQJ DUP SURYLGHV DXWRPDWLFDOO\ RULHQWHG VFDQV RI WKH REMHFW 7KH PRXQWHG
VFDQQHU SURYLGHV D SRLQW FORXG WKDW KDV GLIIHUHQW DORQJ DQG DFURVVVWULS UHVROXWLRQ 7KH
DFURVVVWULSUHVROXWLRQGHSHQGVXSRQERWKWKHODVHUVWULSZLGWKDQGWKHUHVROXWLRQRIWKHFDPHUD
DQGJRHVXSWRPP7KHDORQJVWULSUHVROXWLRQRQWKHRWKHUKDQGLVXVXDOO\DERXWPP
ZKLFKLVPDLQO\GULYHQE\WKHPRYLQJVSHHGRIWKHDUP¶VVFDQQLQJKHDG$VORZPRYHPHQWRI
WKH KHDGFDQ VLJQLILFDQWO\ LQFUHDVH WKLV YDOXH DQGSURYLGH D ODUJH QXPEHU RI DFTXLUHG SRLQWV
'XHWRLWVFRQVWUXFWLRQ WKHLQVWUXPHQWKDVDOLPLWHGRSHUDWLRQDOUDQJHWKDWDOORZVVFDQQLQJRI
REMHFWVXSWRPLQVL]H%HVLGHVWKHUHLVDQRSHUDWLRQDOOLPLWZKLFKGLFWDWHVWKHVL]HRIWKH
DFTXLUHGVFDQLHWKHQXPEHURISRLQWVWKDWFDQEHSURFHVVHGE\WKHV\VWHP 

2.3 Acquisition method  

7KHDUP¶VUHVROXWLRQDQGRSHUDWLRQDOUDQJHRQWKHRQHKDQGDQGWKHREMHFWV¶VWUXFWXUHDQGVL]H
RQ WKH RWKHU KDQG DSSHDU DV WKHPRVW SURPLQHQW IDFWRUV GXULQJ WKH VFDQQLQJ 7KRVH VSHFLILF
FKDUDFWHULVWLFVRIWKHLQVWUXPHQWDQGREMHFWVDUHWKHUHDVRQIRULQWURGXFLQJVHSDUDWHDFTXLVLWLRQ
VWUDWHJLHVIRUFRQLIHURXVDQGGHFLGXRXVEUDQFKHV

 &RQLIHURXVEUDQFK

7KHFRPSOH[VWUXFWXUHRIWKHFRQLIHUEUDQFKDQGLWVODUJHH[WHQGFRPSHULQJWRWKHRSHUDWLRQDO
UDQJHDIIHFWERWKREMHFWVWDELOLW\DQGDFFHVVLELOLW\GXULQJWKHVFDQQLQJSURFHGXUH7KHUHIRUHD
WZRVWHSSHGVWUDWHJ\ LV LQWURGXFHG WRDFTXLUH D UHSUHVHQWDWLYHSRLQWFORXGRI WKHPRGHO)LUVW
WKHRYHUDOOVWUXFWXUHLVLQWKHIRFXVWKHQHDFK³VHFRQGDU\´EUDQFKLVPHDVXUHG,QWKHILUVWVWHS
WKHPDLQEUDQFKDQG ODUJHVHFRQGDU\EUDQFKHVDUH VFDQQHGXVLQJDQXPEHURI VFDQVWULSVDQG
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 
HQVXULQJRYHUODSVEHWZHHQWKHVFDQV7KHQWKHVHFRQGDU\EUDQFKHVDUHVHSDUDWHGSK\VLFDOO\LH
FXWIURPWKHREMHFWDQGPHDVXUHGVHSDUDWHO\7KHUHIRUHFRUHJLVWUDWLRQRIDOOWKHVFDQQHGSDUWV
LVUHTXLUHGLQWKHVHFRQGVWHS)LJ 
7KH FRUHJLVWUDWLRQ LV GRQH IRU HDFK VHFRQGDU\ EUDQFK LQGHSHQGHQWO\ WUDQVIRUPLQJ LWV
FRRUGLQDWH V\VWHPV WR WKHPDLQEUDQFK¶V FRRUGLQDWH V\VWHP7KLVSURFHGXUH LV GRQHXVLQJ WKH
VSKHULFDOKHDGVRISLQVDVWDUJHWVWKDWDUHSUHVHQWLQERWKVFDQV7UHHSLQVSHUHDFKVHFRQGDU\
EUDQFKDUHLQWURGXFHGLQ]RQHVFORVHWREUDQFKMRLQWVLHLQWKHRYHUODSSLQJVFDQDUHDV)LJ
%DVHGRQWKHSRLQWVWKDWUHSUHVHQWWKRVHWDUJHWVGLIIHUHQWVSKHUHVDUHILWWHGDQGWKHQWKHLUFHQWHUV
DUHXVHGIRUWKHFRUHJLVWUDWLRQ7KLVDFTXLVLWLRQDSSURDFKDOVRDOORZVWRPRGHOHDFKVHFRQGDU\
EUDQFK LQGHSHQGHQWO\ DQG ODWWHU WR EXLOG WKH ILQDOPRGHO E\PHUJLQJ DOO WKHPRGHOV LQWR RQH
VWUXFWXUH 

)LJXUH/HIWFRQLIHUEUDQFKSUHSDUHGIRUWKHPHDVXUHPHQW%RWWRPULJKWGHWDLOVKRZLQJWKHSRLQWFORXG
RIDVFDQQHG³VHFRQGDU\´SDUW7RSULJKWGHWDLOVKRZLQJWKHVSKHUHVIRUFRUHJLVWUDWLRQ 

7KHSRLQWFORXGRIWKHFRQLIHURXVEUDQFK)LJULJKWKDVRYHUPLOOLRQSRLQWV7KHEUDQFKHV
DUHFRYHUHGIURPERWKVLGHV$VYLVLEOHLQ)LJERWWRPULJKWWKHILUVWDQGVHFRQG\HDUVKRRW
DWWKHHQGRIWKHWUHHDUHQRWSHUIHFWO\V\PPHWULFDO7KLVKROGVIRUWKHGLUHFWLRQVDQGOHQJWKVDV
ZHOODVIRUWKHEUDQFKLQJVWUXFWXUH 

 'HFLGXRXVEUDQFK

7KHGHFLGXRXVEUDQFKLVVFDQQHGLQRQHVWHSEHFDXVHLWVVSDUVHVWUXFWXUHDOORZVDQHDV\DFFHVV
WR WKH HQWLUH REMHFW +RZHYHU WKH DUHD RI WKH OHDYHV DQG WKH KLJK UHVROXWLRQ RI WKH VFDQQHU
SURGXFHDODUJHDPRXQWRIGDWDWKDWH[FHHGVWKHRSHUDWLRQDOOLPLWRIWKHDUP7KHUHIRUHVHYHUDO
VPDOOHUVFDQVLH ILOHV DUHFROOHFWHG WRFRYHU WKHZKROHREMHFW6LQFH WKHREMHFWDQG VFDQQHU
FRRUGLQDWH V\VWHP ZKHUH IL[HG GXULQJ WKH VFDQQLQJ WKHUH ZDV QR QHHG IRU WKH ILQDO
FRUHJLVWUDWLRQRIWKHVHVFDQV7KHILQDOSRLQWFORXGRIWKHGHFLGXRXVEUDQFKLVVKRZQLQ)LJ
OHIW,WFRQWDLQVDOPRVW0LOOLRQSRLQWV7KHVFDQVZHUHRQO\DFTXLUHGIURPWKHOHDIWRSDQG
ERWWRPVLGH

)LJXUH/HIW3RLQWFORXGRIWKHGHFLGXRXVEUDQFK5LJKW3RLQWFORXGRIWKHFRQLIHURXVEUDQFK
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 

3. Methods 

1HHGOHVDQG OHDYHVDUHWKHHOHPHQWDU\XQLW LQPRGHOLQJ WKHFRQLIHURXVDQGGHFLGXRXVEUDQFK
UHVSHFWLYHO\ 6LQFH LW LV QRW SRVVLEOH WR UHSUHVHQW WKHP LQ D JHRPHWULFDOO\ VLPLODU ZD\ WZR
VHSDUDWHPHWKRGVDUHSURSRVHGWRPRGHOWKRVHREMHFWV%RWKPHWKRGVVWDUWZLWKDFRPPRQWDVN
ZKHUHWKHFRUUHVSRQGLQJEUDQFKVWUXFWXUHVDUHPRGHOHGDQGWKHQGXULQJWKHPRGHOLQJRIWKHLU
HOHPHQWDU\XQLW WKH\VSOLW LQWR WZRLQGHSHQGHQWSURFHGXUHV)ROORZLQJ WKLV ORJLF WKH6HF
ZLOO ILUVW GLVFXVHV WKH H[WUDFWLRQ RI WKH EUDQFK VNHOHWRQ DQG LQ 6HF DQG 6HF WKH
SURSRVHGPRGHOLQJPHWKRGVDUHGHVFULEHG

3.1 Modeling branch structure 

7KH EUDQFK VWUXFWXUHV RI WKH WZR REMHFWV DUH YHU\ VLPLODU LH ERWK KDYH EUDQFK MRLQWV DQG
F\OLQGULFDOZRRGHQSDUWVWKDWFRQQHFWWKHP7KXVWRSRORJLFDOO\FRUUHFW'SRO\OLQHVDUHXVHGDV
DPRGHOIRUERWK WKHFRQLIHURXVDQGGHFLGXRXVEUDQFKVWUXFWXUH7KRVHSRO\OLQHVDUHGLJLWL]HG
PDQXDOO\IURPWKHFRUUHVSRQGLQJSRLQWFORXGV
7KHRSHQVWUXFWXUHRIWKHGHFLGXRXVEUDQFKDOORZVDIDVWGLJLWL]DWLRQZLWKRXWLQWHUUXSWLRQVRIWKH
HQWLUHREMHFWVWUXFWXUHLQRQHFRRUGLQDWHV\VWHPLH WKHREMHFWFRRUGLQDWHV\VWHP2&67KLV
LQFOXGHGGLJLWL]DWLRQRIWKHOHDIVWDONV
7KH GLJLWL]DWLRQ RI WKH FRQLIHURXV EUDQFK VWUXFWXUH LV QRW VR VWUDLJKWIRUZDUG7KH SUHVHQFHRI
QHHGOHVGLVWXUEV WKHGLJLWL]DWLRQSURFHVVPDNLQJ WKHVHOHFWLRQRI VWHPSRLQWVPXFKPRUH WLPH
FRQVXPLQJ FRPSHULQJ WR WKH GHFLGXRXV EUDQFK 7KHUHIRUH DQ DXWRPDWLF SURFHGXUH IRU SRLQW
UHGXFWLRQ LV LPSOHPHQWHG EHIRUH WKH GLJLWL]DWLRQ 7KH SRLQW FORXG UHGXFWLRQ LV EDVHG RQ WKH
YR[HO PRGHO GHULYHG IURP WKH VFDQQHG SDUW DQG DQ HVWLPDWLRQ RI D ORFDO YR[HO GHQVLW\ $
SURSHUW\ RI WKH RULJLQDO SRLQW GHQVLW\ LV WKDW LW LV VWURQJO\ LQIOXHQFHG E\ WKH LQVWUXPHQW¶V
VFDQQLQJSDWWHUQ 
9R[HOL]LQJ WKH GDWD ZLWK DQ DSSURSULDWH YR[HO VL]H WKH QDWLYH VWUXFWXUH RI WKH REMHFW LV
HPSKDVL]HG UDWKHU WKDQ WKH VFDQQLQJ SURSHUWLHV RI WKH LQVWUXPHQW $ YR[HO LV FRQVLGHUHG DV
IRUHJURXQGLHILOOHGLILWFRQWDLQVDWOHDVWRQHSRLQWIURPWKHRULJLQDOSRLQWFORXG7KHYR[HO
GHQVLW\LVWKHSHUFHQWDJHRIILOOHGYR[HOVLQWKHQHLJKERUKRRGRIWKHFHQWHUYR[HOVSKHUHRI
UDGLXVLQYR[HOVSDFH$QHPSLULFDOO\GULYHQWKUHVKROGLQJRQWKHORFDOYR[HOGHQVLW\LVGRQH
WRUHGXFHWKHVWDUWLQJSRLQWFORXG7KHXVHGYR[HOVL]HLVPPZKLFKLVFORVHWRWKHZLGWKRIDQ
DYHUDJHQHHGOHRIWKHFRQLIHUEUDQFK$IWHUWKHUHGXFWLRQSURFHGXUHPRVWRIWKHQHHGOHSRLQWVDUH
UHPRYHGIURPWKHVWDUWLQJGDWDVHWDQGWKHUHPDLQLQJSRLQWVPDLQO\SRLQWVIURPWKHVWHPDUH
XVHGIRUGLJLWL]LQJWKHVNHOHWRQRIWKHVFDQQHGSDUW)LJ6LQFHWKHFRUHJLVWUDWLRQRIDOOWKH
VFDQQHGSDUWVLVDOUHDG\GRQHWKHUHVXOWLQJ'SRO\OLQHVWUXFWXUHLVLQDFRRUGLQDWHV\VWHPRIWKH
FRQLIHUEUDQFKLHLQWKH2&6


)LJXUHD7KHFODVVLILHGRULJLQDOSRLQWFORXGEDVHGWKHWKUHVKROGLQJWKHORFDOYR[HOGHQVLW\EWKH
UHGXFHGSRLQWFORXGFWKHVNHOHWRQRIWKHVFDQQHGSDUWULJKW

3.2 Modeling the deciduous branch 

)RUPRGHOLQJWKHGHFLGXRXVEUDQFKLWLVDVVXPHGWKDWWKHZRRGHQVWUXFWXUHLVDYDLODEOHDV'
SRO\OLQH 7KXV RQO\ WKH OHDYHV QHHG WR EH PRGHOHG )RU HDFK OHDI D ORFDO SRLQW FORXG LV
H[WUDFWHG7KLV LV EDVHGRQ DERXQGLQJER[ZKLFK LV H[WUDFWHGSHU OHDI%DVHGRQ WKRVH ORFDO
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 
SRLQW FORXGV IRU HDFK OHDI DQ HOOLSVH LV HVWLPDWHG DQG XVHG DV DPRGHO IRU WKDW OHDI %HIRUH
HVWLPDWLQJWKHHOOLSVHWKHUHJUHVVLRQSODQHLVILWWHGWURXJKWKHOHDISRLQWFORXG)LJOHIW7KLV
SURYLGHVWKHRULHQWDWLRQRIWKHOHDISODQH 
1H[W WKH OHDISRLQWFORXG LVRUWKRJRQDOO\SURMHFWHG WR WKHUHJUHVVLRQSODQHDQGERXQGDU\ OHDI
SRLQWVDUH H[WUDFWHG IURP WKLVGDWD VHW7KH HOOLSVHSDUDPHWHUV FHQWHUSRLQWPDMRU DQGPLQRU
UDGLXVDQGD[LVRULHQWDWLRQDUHHVWLPDWHGE\ILWWLQJWKHHOOLSVHWURXJKWKHOHDIERXQGDU\SRLQWV
VHH)LJXUHULJKW7KHVHSDUDPHWHUVDUHWUDQVIRUPHGLQWRDGHVFULSWLRQVXLWDEOHIRULQFOXGLQJ
LWLQWKHPRGHOFRRUGLQDWHV\VWHP0&6WKHQRUPDOYHFWRURIWKHUHJUHVVLRQSODQHWKHHOOLSVH
FHQWHUSRLQWWKHHQGSRLQWRIWKHORQJHUUDGLXVRIWKHHOOLSVHDQGWKHPLQRUUDGLXV
7R HVWDEOLVK D FRUUHFW WRSRORJ\ LQ WKH ILQDO PRGHO WKH HVWLPDWHG HOOLSVH LV WUDQVODWHG WR WKH
FORVHVW HQG SRLQW RI WKH EUDQFK VNHOHWRQ ,Q WKLV ZD\ WKH QDWLYH RULHQWDWLRQ RI WKH OHDI WKH
UHJUHVVLRQ SODQH LV SUHVHUYHG 7KH WUDQVODWLRQ SDUDPHWHUV DUH UHVROYHG IURP WKH HTXDOLW\
FRQGLWLRQRI WKHHQGSRLQWRI WKH ORQJHUUDGLXVRI WKHHOOLSVHWLSRI WKH OHDI LQ0&6DQG WKH
FORVHVWHQGSRLQWRIWKHEUDQFKVNHOHWRQLQ2&6


)LJXUH/HIW7KHOHDISRLQWFORXGZLWKWKHUHJUHVVLRQSODQH5LJKWWKHILWWHGHOOLSVHGLVSOD\HGRYHUWKH
OHDIERXQGDU\SRLQWV

3.3 Modeling the coniferous branch 

7R KDQGOH WKH ODUJH GDWD VHW WKH PRGHOLQJ RI DOO WKH VFDQQHG SDUWV WKH SULPDU\ DQG WKH
VHFRQGDU\EUDQFKHVLVSHUIRUPHGLQGHSHQGHQWO\DQGWKHQLQWKHVXEVHTXHQWVWHSWKHLUPRGHOV
DUHFRPELQHGLQWRWKHILQDOEUDQFKPRGHO,QWKHIROORZLQJDPHWKRGIRUPRGHOLQJRIDVKRRWLV
SUHVHQWHG7KLVPHWKRGFDQHLWKHUEHDSSOLHGWRWKHHQWLUHEUDQFKRUWKHVKRRWFDQEHFORQHGWR
SRSXODWHWKHHQWLUHVNHOHWRQZLWKWKHQHHGOHVRIWKHVKRRWPRGHO 
8VLQJFORQLQJLVWKHUHIRUHDWZRVWHSDSSURDFKFUHDWLQJWKHVKRRWPRGHODQGFORQLQJWKH
VKRRW PRGHO RYHU WKH EUDQFK VWUXFWXUH $ GHWDLOHG ZRUNIORZ WKDW LQFOXGHV DOVR WKH VNHOHWRQ
PRGHOLQJ DQG DOO LQWHUPHGLDWH OD\HUV LV LOOXVWUDWHG LQ )LJXUH  6LQFH WKH SURSRVHG VWUDWHJ\
DOORZVDQLQGHSHQGHQWPRGHOLQJRIWKHVFDQQHGSDUWVRQO\RQHLVVHOHFWHGKHUHWRGHPRQVWUDWH
WKHSRWHQWLDORIWKHSURSRVHGPHWKRG7KHHQGSDUWRIWKHEUDQFKVHH)LJXUHLVWDNHQEHFDXVH
LW KDV WKH PRVW FRPSOH[ VWUXFWXUH DPRQJ RWKHU SDUWV 8VLQJ D VKRRW PRGHO PXOWLSOH WLPHV
HQKDQFHV WKH HIILFLHQF\ RI WKH PRGHOLQJ SURFHGXUH +RZHYHU D W\SLFDO GDWD VHW QHHGV WR EH
VHOHFWHGZKHQFUHDWLQJRQO\RQHVKRRWPRGHO7KLV'PRGHOLVDVVXPHGWREHUHSUHVHQWDWLYHIRU
DOOWKHVKRRWVZLWKLQWKHEUDQFKDQGXVHGODWHULQWKHFORQLQJVWHS
 

)LJXUH7KHZRUNIORZIRUPRGHOLQJWKHEUDQFK
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 
 0RGHOLQJWKHVKRRW

$SRLQWFORXGRIDILUVW\HDUVKRRW)LJDLVVHOHFWHGDVDUHSUHVHQWDWLYHGDWDVHWIRUWKHVKRRW
PRGHOLQJE\PDQXDOO\GLJLWL]LQJ(DFKQHHGOHLVUHSUHVHQWHGE\D'OLQHZLWKDVWDUWLQJDQG
HQGLQJSRLQWZKLOHWKHVKRRW¶VVWHPLVUHSUHVHQWHGE\'SRO\OLQH6LQFHWKHVWDUWLQJSRLQWVRI
WKHQHHGOHOLQHVDUHDOVRWKHQRGHVRIWKHVWHPSRO\OLQHWKHPRGHOLVDOVRWRSRORJLFDOO\FRUUHFW
)LJE7KHORFDOFRRUGLQDWHV\VWHPRIWKHVKRRWPRGHOWKHPRGHOFRRUGLQDWHV\VWHP0&6
 LV GHILQHG ZLWK WZR UHIHUHQFH SRLQWV DQG RQH SODQH 7KH VWDUWLQJ DQG HQGLQJ SRLQW RI WKH
ZRRGHQSDUWDUHVHOHFWHGDVWKHUHIHUHQFHSRLQWVZKHUHDVWKHUHJUHVVLRQSODQHILWWHGWURXJKWKH
QHHGOHHQGSRLQWV)LJFLVWDNHQDVWKHUHIHUHQFHSODQH


)LJXUHD3RLQWFORXGRIWKHUHSUHVHQWDWLYHVKRRWEWKHVKRRWPRGHOFWKHVKRRWPRGHOIURPWKHWRS
YLHZZLWKWKHUHIHUHQFHSODQH

 &ORQLQJWKHVKRRWPRGHO

7R EXLOG WKH FRQLIHU EUDQFK PRGHO E\ FORQLQJ WKH VKRRW PRGHO LV FORQHG RYHU WKH EUDQFK
VNHOHWRQ)RUHDFKVHJPHQWRIWKHVNHOHWRQ¶VSRO\OLQHVDQDSSURSULDWHSDUWRIWKHVKRRWPRGHOLV
ILUVWO\H[WUDFWHGDQGWKHQFORQHGRQWKLVORFDWLRQ)RUH[DPSOHVHJPHQWVWKDWUHSUHVHQWDQHQG
SDUWRIWKHVNHOHWRQDUHFORQHGZLWKWKHZKROHVKRRWPRGHOZKHUHDVPLGGOHVHJPHQWVDUHFORQHG
RQO\ZLWK D ORZHU SDUW RI WKH VKRRWPRGHO ,Q FDVHZKHUH WKH OHQJWK RI WKH VNHOHWRQ VHJPHQW
H[FHHGVWKH OHQJWKRIWKHVKRRWPRGHO WKHORYHUSDUWRIWKHVKRRWPRGHO LVXVHG WREULGJH WKH
UHPDLQLQJSDUWRIWKHVHJPHQW 
7KHFORQLQJSURFHGXUHLVSHUIRUPHGE\WUDQVIRUPLQJWKHVKRRWPRGHOIURP0&6WR2&66LQFH
WKH 0&6 LV GHILQHG E\ WKH WZR SRLQWV DQG RQH SODQH WKH VWDUWLQJ DQG HQGLQJ SRLQW RI WKH
VNHOHWRQVHJPHQW DUHXVHGDV WKH UHIHUHQFHSRLQWVZKLOH D ORFDOSODQH LV WDNHQ WR UHVROYH WKH
RULHQWDWLRQ RI WKH VKRRW PRGHO 7KH ORFDO SODQH LV HVWLPDWHG IRU HDFK VNHOHWRQ VHJPHQW
LQGHSHQGHQWO\EDVHGRQWKHORFDOQHHGOHSRLQWVILOWHUHGRXWGXULQJWKHSRLQWUHGXFWLRQSURFHGXUH
VHH6HF 

4. Results and discussion 

,Q WKLV6HFWLRQ WKH UHVXOWVRI WKH FORQLQJSURFHVV DUHSUHVHQWHG DQGGLVFXVVHG7KH UHVXOWV DUH
EDVHG RQ WKH VKRRWPRGHO VKRZQ LQ )LJ E DQG WKH EUDQFK VNHOHWRQ VKRZQ LQ )LJ F 7KH
DSSOLFDWLRQ RI WKH DERYH GHVFULEHGPRGHOLQJ DQG FORQLQJ PHWKRGV OHDG WR WKH EUDQFKPRGHO
VKRZQLQ)LJ7KHSRLQWFORXGDQGWKHILQDOEUDQFKPRGHOVKRZDSHUIHFWFRUUHVSRQGHQFHIRU
WKHORFDWLRQRIWKHPDQXDOO\PRGHOHGVKRRWPRGHOPDUNHGUHGLQ)LJH[KLELWLQJWKHVDPH
LUUHJXODULW\RIWKHQHHGOHVHVSHFLDOO\DWWKHHQGDQGZLWKUHVSHFWWRWKHLURULHQWDWLRQRXWRIWKH
SODQH7KHORZHUSDUWRIWKHVKRRWPRGHOVKRZVDKRPRJHQHRXVGHQVLW\RIQHHGOHV7KHUHIRUH
WKLVVW\HDU VKRRWFRXOGEHFORQHGDOORYHU WKHPDQXDOO\H[WUDFWHGEUDQFKVNHOHWRQ$W MRLQWV
ZKHUHPXOWLSOHVXEEUDQFKHVFRQQHFWWKH'PRGHOLQVRPHFDVHVH[KLELWVPRUHQHHGOHVWKDQ
WKHSRLQWFORXGGDWDVXJJHVWV)LJ
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 

)LJXUH3RLQWFORXGRIDFRQLIHURXVWZLJYHUVXVLW¶VH[WUDFWHG'PRGHO7KHUHGER[HVVKRZWKHVKRRW
ZKLFKZDVPDQXDOO\PRGHOHGDQGXVHGIRUFORQLQJ/HIW3RLQWFORXG0LGGOH'PRGHOZLWK
FODVVLILFDWLRQLQWRQHHGOHVDQGEUDQFKVWUXFWXUH5LJKW(UURQHRXVFOXPSLQJRIQHHGOHVDWMRLQWV

&RQVLGHULQJWKHHQWLUHPHWKRGRIPRGHOLQJDQXPEHURIVWHSVLQFOXGHVLPSOLILFDWLRQVDQGFDXVH
GLIIHUHQFHVEHWZHHQWKHJHRPHWULFPRGHODQGWKHDFTXLUHGGDWD+RZHYHUWKHHQWLUHPHWKRGLV
GDWDGULYHQDQGDOORZVPRGHOLQJRIWKHEUDQFKVWUXFWXUHIRUHDFKLQGLYLGXDOQHHGOHDQGOHDIDV
ZHOODVWKHEUDQFKHVLQEHWZHHQ$VOLJKWFXUYDWXUHRIWKHQHHGOHVZDVYLVXDOO\IRXQGLQWKHGDWD
VHWEXWZDVQHJOHFWHGGXULQJPRGHOLQJ7KHFKRVHQPRGHOIRUDQHHGOHLVWKHVWUDLJKWFRQQHFWLRQ
EHWZHHQWKHVWDUWDQGWKHHQGSRLQWRIWKHQHHGOH7KLVUDWKHUVLPSOHPRGHOFRXOGEHHQKDQFHG
E\ XVLQJ WKH DYHUDJH WKLFNQHVV RI WKH QHHGOH IRU ILWWLQJ DQ HOOLSVRLG RI UHYROXWLRQ ZKLFK LV
IDYRUDEOH LI WKH PRGHOV DUH XVHG LH IRU UD\ WUDFLQJ DQDO\]HV ZKHUH YROXPHWULF REMHFWV DUH
SUHIHUUHG +RZHYHU DOVR WKH RULHQWDWLRQ RI WKH EUDQFK LV DYDLODEOH ZKLFK DOORZV HYHQPRUH
FRPSOH[QHHGOHPRGHOVWREHDSSOLHGWRR
%HFDXVHWKHEUDQFKVNHOHWRQDQGWKHQHHGOHD[LVDUHGLJLWL]HGPDQXDOO\EDVHGRQWKHSRLQWFORXG
WKH ORFDWLRQ RI WKH GLJLWL]HG HOHPHQWV LV RQ WKH RXWHU VXUIDFH RI WKH FRUUHVSRQGLQJ REMHFWV ,I
QHFHVVDU\WKLVHUURUFRXOGEHVLPSO\FRUUHFWHGE\HVWLPDWLQJRUPHDVXULQJWKHGLDPHWHURIWKH
FRUUHVSRQGLQJREMHFWDQGWUDQVODWLQJWKHD[LVE\KDOIRIWKHGLDPHWHU:KLOHDILWWLQJDSSURDFK
ZRXOG HVWLPDWH WKH D[LV GLUHFWO\ WKH LUUHJXODU SRLQW GLVWULEXWLRQ HVSHFLDOO\ LQ WKH FDVH RI D
FRQLIHURXV EUDQFK SRVHV DQ DGGLWLRQDO FKDOOHQJH WR REWDLQ D EHWWHU JHRPHWULF SRVLWLRQ LQ WKLV
ZD\
&RQFHUQLQJ FORQLQJ QR QG \HDU UG \HDU RU HYHQ ROGHU VKRRWV ZHUH XVHG IRU WKLV PRGHO ,Q
JHQHUDO WKH VW \HDU VKRRWV KDYH PRUH QHHGOHV WKDQ WKH ROGHU VKRRWV DQG WKHUHIRUH DQ
RYHUHVWLPDWLRQRIWKHQXPEHURIQHHGOHVLQWKHFXUUHQWFORQHGPRGHOLVDVVXPHGQGRUUG\HDU
VKRRWVFRXOGEHVLPXODWHGE\UHGXFLQJWKHQXPEHURIQHHGOHVEHIRUHLQVHUWLQJWKHFORQHLQWRWKH
EUDQFKVWUXFWXUH)XUWKHULQYHVWLJDWLRQVLQWKLVGLUHFWLRQQHHGWREHSHUIRUPHG
&RQFHUQLQJWKHOHDIPRGHOWKHDSSUR[LPDWLRQRIWKHOHDYHDVDQHOOLSVHDSSOLHVZHOOWRWKHEHHFK
OHDYHVXVHGLQWKLVVWXG\+RZHYHU WKHPDLQFRQVLGHUDWLRQLVDPRGHOZLWKDVPDOOQXPEHURI
SDUDPHWHUV HJ LQ WKHFDVHRIDQHOOLSVHRU IRUD WULDQJOH)LWWLQJHOHPHQWV OLNHDQHOOLSVH
RYHUFRPHV SUREOHPV ZLWK JDSV RU LQKRPRJHQHRXV SRLQW GHQVLWLHV LQ WKH DFTXLUHG GDWDVHWV
$OWHUQDWLYH DSSURDFKHV LQFOXGH XVLQJ WKH DOSKDVKDSH IRU WKH RXWOLQH GHWHFWLRQ DQG WKH
'RXJODV3HXFNHUDOJRULWKPIRUVLPSOLILFDWLRQ LQRUGHU WRJHWDSRO\JRQDORXWOLQHZLWKD VPDOO
QXPEHU RI SRLQWV *HQHUDOO\ WKH OHDYHV DUH DVVXPHG WR EH IODW ZKLFK GRHV QRW DFFRXQW IRU
VHDVRQDOLW\DOWKRXJKOHDYHFXUYDWXUHLVYLVLEOHLQ)LJOHIW$JDLQUD\WUDFLQJDGYRFDWHGIRU
VLPSOHPRGHOV

5. Conclusion 

0HWKRGVWRPRGHOLQGLYLGXDOWZLJVQHHGOHVDQGOHDYHVEDVHGRQSRLQWFORXGVDFTXLUHGZLWKD
PHDVXULQJ DUP DW D KLJK OHYHO RI GHWDLO DUH SUHVHQWHG 7KH PRGHO IRU FRQLIHURXV EUDQFKHV
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 
FRQVLVWVRI'SRO\OLQHVZLWKDQDGGLWLRQDOFODVVLILFDWLRQZKHWKHUD OLQHHOHPHQW UHSUHVHQWVD
QHHGOH RU EHORQJV WR WKH EUDQFK (DFK OLQH HOHPHQW FDQ EH WUDQVIRUPHG WR D YROXPHWULF
GHVFULSWLRQE\XVLQJWKHLUUHVSHFWLYHWKLFNQHVVYDOXH7KHFKRVHQPRGHOIRUUHSUHVHQWLQJDVLQJOH
OHDILVDQHOOLSVHZKLFKDFWVDVDJRRGDSSUR[LPDWLRQIRUWKHFRPSOH[OHDYHVWUXFWXUH7KLVVWXG\
VKRZHG WKDW WKH SUHVHQWHG DSSURDFK OHDGV WR SURPLVLQJ UHVXOWV ZKLFK UHSUHVHQW WKH UHDO '
EUDQFKVWUXFWXUHEDVHGRQPHDVXUHPHQWVRIWKHREMHFW7KHVHGHWDLOHGFRQLIHURXVDQGGHFLGXRXV
' EUDQFK PRGHOV FDQ EH XVHG WR EXLOG XS ODUJHU WZLJV DQG EUDQFKHV E\ XVLQJ FORQLQJ
DSSURDFKHV,QWKLVZD\YLUWXDOWUHHPRGHOVFDQEHHQKDQFHGRUFUHDWHGWKDWDUHXVHGLHDVLQSXW
IRUUDGLDWLYHWUDQVIHUDQGSURFHVVPRGHOLQJ:KLOHDIDLWKIXOUHFRQVWUXFWLRQLVSRVVLEOHZLWKWKH
SUHVHQWHGDSSURDFKPHDVXUHVRITXDOLW\QHHGWREHGHULYHGEHIRUHWKHVHUHVXOWVFDQEHXVHGLQ
IXUWKHUDSSOLFDWLRQV/LNHZLVHIRUODUJHUVFHQHVWREHPRGHOHGWKHGHJUHHRIDXWRPDWLRQQHHGV
WREHLQFUHDVHG 

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1. Introduction 
8UEDQ WUHHV DQG IRUHVWVKDYHPDQ\ IXQFWLRQV WKDWGLIIHU IURP WUHHV LQ FRPPHUFLDOO\PDQDJHG
IRUHVWV%ROXQGDQG+XQKDPPDU%HQHILWVVXFKDVQRLVHUHGXFWLRQDQGUHFUHDWLRQDIIHFW
WKH OLIHRI DOO WKHSHRSOH OLYLQJQHDUXUEDQ IRUHVWVRU WUHHV7KLVFUHDWHVERWK FRPPHUFLDO DQG
QRQFRPPHUFLDOYDOXHIRUXUEDQWUHHV'XULQJUHFHQW\HDUVFDUERQVHTXHVWUDWLRQDQGELRPDVVRI
XUEDQ WUHHV KDYH DOVR EHFRPH PRUH LQWHUHVWLQJ $OWKRXJK XUEDQ WUHHV DUH UDUHO\ D VRXUFH RI
ILQDQFLDO LQFRPH SODQWLQJ DQG HVSHFLDOO\ QXUVLQJ RI WKH SODQWHG WUHHV DUH UDWKHU FRVWO\ WDVNV
3ODQWLQJDQGQXUVLQJDFWLRQVFDQEHDUUDQJHGPRUHHIILFLHQWO\LIGDWDLQWUHHUHJLVWHUVLVXSWR
GDWH$PRQJPDQ\RWKHUFLWLHVWKHFLW\RI+HOVLQNLPDLQWDLQVDODUJHUHJLVWHURILWVURDGVLGHDQG
SDUN WUHHV 7KH WUHH UHJLVWHU FRQWDLQV LQIRUPDWLRQ DERXW WKH ORFDWLRQV DQG FKDUDFWHULVWLFV RI
LQGLYLGXDO WUHHV7KH UHJLVWHU LV XSGDWHG DSSUR[LPDWHO\ RQFH LQ HYHU\ WHQ \HDUVZKLFK LV WRR
LQIUHTXHQWIRUPDQ\SODQQLQJSXUSRVHV,QDG\QDPLFXUEDQHQYLURQPHQWRXWGDWHGLQIRUPDWLRQ
KLQGHUVXUEDQSODQQLQJ(VSHFLDOO\URDGVLGHWUHHVDUHPRUHOLNHO\WRHQFRXQWHUUDGLFDOFKDQJHVLQ
WKHLUVXUURXQGLQJVWKDQWUHHVLQSDUNDUHDVRUIRUHVWV7KHTXDOLW\RIWKHUHJLVWHUYDULHVLQERWK
WUHHORFDWLRQDQGFKDUDFWHULVWLFV9DULDWLRQRITXDOLW\LQWUHHORFDWLRQGDWDDULVHVIURPGLIIHUHQW
ORFDOL]LQJPHWKRGVZKHUHDVWKHTXDOLW\RIRWKHUWUHHFKDUDFWHULVWLFVGHSHQGVPDLQO\RQWKHDJH
RIWKHLQIRUPDWLRQ7UHHVKDYHEHHQORFDWHGHLWKHUYLVXDOO\±XVLQJPDSVDQGDHULDOSKRWRJUDSKV
± RU XVLQJ *36PHDVXUHPHQWV $OO WUHH FKDUDFWHULVWLFV KDYH EHHQ PHDVXUHG PDQXDOO\ LQ WKH
ILHOG1RZ WKH FLW\ RI+HOVLQNL LV VHHNLQJ FRVW HIILFLHQWPHWKRGV IRU XUEDQ WUHHPDSSLQJ DQG
PDLQWDLQLQJDFFXUDWHWUHHUHJLVWHUV

5HPRWHVHQVLQJ56SURYLGHVHIILFLHQWWRROVIRUXUEDQWUHHPDSSLQJDQGPRQLWRULQJHVSHFLDOO\
DLUERUQHVFDQQLQJ/L'$5/LJKW'HWHFWLRQDQG5DQJLQJ:LWK/L'$5LWLVSRVVLEOHWRFROOHFW
GHQVH 'SRLQW FORXGV WKDW GHVFULEH WKH VWUXFWXUH RI WKHPDSSHGREMHFWZKHWKHU LW LV WHUUDLQ
EXLOGLQJRUWUHH8SWRGDWHKLJKGHQVLW\!;<=SRLQWVPDLUERUQHVFDQQLQJ/L'$5GDWDLV
ZLGHO\DYDLODEOHDVLWLVXVHGIRUPXOWLSOHSODQQLQJSXUSRVHVLQXUEDQHQJLQHHULQJ+HQFHXUEDQ
HQYLURQPHQW HQDEOHV WKH XVH RI GDWDVHWV WKDWZRXOG QRUPDOO\ EH WRR FRVWO\ DW OHDVW IRU QRQ
FRPPHUFLDOO\PDQDJHGWUHHV7KHXVHRI/L'$5EDVHGIRUHVWPDSSLQJKDVEHHQZLGHO\VWXGLHG
HJ1 VVHW HW DO +\\SSl HW DO 0F5REHUWV HW DO 7KHUH DUH WZR VHSDUDWH
PHWKRGRORJLHVLQXWLOL]LQJ/L'$5GDWDLQRUGHUWRSUHGLFWIRUHVWDQGWUHHFKDUDFWHULVWLFV$UHD
 6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD 
EDVHG$SSURDFK$%$1 VVHWWKDWLVEDVHGRQVWDWLVWLFDOGHSHQGHQFHEHWZHHQILHOGSORWV
DQG /L'$5PHWULFV LH IHDWXUHV FDOFXODWHG IURP ' SRLQWV DQG ,QGLYLGXDO 7UHH 'HWHFWLRQ
,7' +\\SSl DQG ,QNLQHQ  WKDW UHFRJQL]HV LQGLYLGXDO WUHHV IURP WKH PRUH RU OHVV
SURFHVVHG /L'$5 GDWD ,Q ,7' FKDUDFWHULVWLFV RI LQGLYLGXDO WUHHV FDQ DOVR EH SUHGLFWHG
VWDWLVWLFDOO\ IURP'PHWULFV7KHSUHFLVHQDWXUHRIGDWDQHHGHG LQXUEDQSODQQLQJDVZHOO DV
PDSSLQJRIWUHHVDQGWUHHFKDUDFWHULVWLFVVXJJHVWVWKDWLQYHQWRU\VKRXOGEHGRQHDWWUHHOHYHOLH
,7'LVOLNHO\WREHZHOOVXLWHGIRUPDSSLQJDSSOLFDWLRQVLQXUEDQDUHDV7KHPHWKRGGHILQHVWKH
ORFDWLRQDQGFKDUDFWHULVWLFVRIDQLQGLYLGXDOWUHHVXFKDVKHLJKWGLDPHWHUDQGYROXPH+\\SSl
DQG ,QNLQHQ  +ROPJUHQ DQG 3HUVVRQ  3RSHVFX HW DO  .RFK HW DO 
)DONRZVNL HW DO  0DOWDPR HW DO  :KHQ FRPSDUHG WR SXUHO\ PDQXDO ILHOG
PHDVXUHPHQWV/L'$5EDVHGIRUHVWPDSSLQJDSSOLFDWLRQVKDYHSURYHQWREHFRVWHIILFLHQWDQG
UHOLDEOHLQFRPPHUFLDOO\PDQDJHGIRUHVWV+RORSDLQHQDQG7DOYLWLH8XWWHUDHWDO
7KHPDLQDGYDQWDJHRI/L'$5PHWKRGVLVGHFUHDVHGUHTXLUHPHQWIRUFRVWO\ILHOGPHDVXUHPHQWV
/L'$5EDVHG WUHH PDSSLQJ PHWKRGV KDYH DOVR EHHQ LPSOHPHQWHG LQ XUEDQ HQYLURQPHQW
DOWKRXJKWKHDPRXQWRISXEOLFDWLRQVLVOLPLWHG7KHIRFXVRIXUEDQVWXGLHVKDVXVXDOO\EHHQVHW
WR HLWKHU DXWRPDWLF VHJPHQWDWLRQ RI LQGLYLGXDO WUHHV 3DOHQLFKND DQG =DUHPED  RU
HVWLPDWLRQ RI WUHH FKDUDFWHULVWLFV 6KUHVWKD DQG:\QQH 2PDVD HW DO  SURGXFHG
GHWDLOHG'PRGHOVRISDUNWUHHVE\FRPELQLQJDLUERUQHDQGWHUUHVWULDO/L'$5GDWD7KHUHDUH
DOVRDIHZFRPSDQLHVWKDWRIIHU/L'$5EDVHGPDSSLQJRIXUEDQWUHHVDVDFRPPHUFLDOSURGXFW
EXWDFFXUDFLHVDQGGHWDLOVRIWKHPHWKRGVXVHGDUHQRWSXEOLF

,QWKLVVWXG\WKHXVHRIKLJKGHQVLW\DLUERUQHVFDQQLQJ/L'$5GDWDZDVVWXGLHGLQPDSSLQJDQG
PRQLWRULQJRIWKHNH\DWWULEXWHVRIXUEDQWUHHV2XUDLPZDVWRFUHDWHDQHIIHFWLYHPHWKRGIRU
XSGDWLQJDQH[LVWLQJXUEDQWUHHUHJLVWHU7KLVLQFOXGHGPDSSLQJRIWUHHVXVLQJ,7'PRGHOOLQJ
WKHLUFKDUDFWHULVWLFVDQGFRPELQLQJXSGDWHGGDWDZLWKWKHH[LVWLQJWUHHUHJLVWHU

2. Materials and methods 
2.1 Study area and existing tree register 
7KHVWXG\DUHDFRQVLVWVRIURDGVLGHDUHDVLQFHQWUDODQGZHVWHUQSDUWRI+HOVLQNLLQFOXGLQJWKH
FLW\FHQWUH,QWRWDOWKHUHZHUHDSSUR[LPDWHO\URDGVLGHWUHHVLQWKHVWXG\DUHDDQGWKH\
UHSUHVHQWHG RYHU  GLIIHUHQW WUHH VSHFLHV+RZHYHU YDVWPDMRULW\  FRQVLVWHG RI WKUHH
GHFLGXRXVWUHHVSHFLHVOLPH7LOLDVSPDSOH$FHUVSDQGELUFK%HWXODVS


7KH&LW\RI+HOVLQNLVXSSOLHGDQH[FHUSWIURPWKHFLW\¶VWUHHUHJLVWHUWKDWFRQWDLQHGDOOURDGVLGH
WUHHVLQWKHVWXG\DUHD7KHPRVWHVVHQWLDOWUHHFKDUDFWHULVWLFVZHUHWKHORFDWLRQDQGVSHFLHVRI
HDFKWUHH7KHDJHRIWKHWUHHGDWDLQWKHUHJLVWHUYDULHGIURPWR\HDUV+RZHYHUPDMRULW\
RIWKHUHJLVWHUWUHHVKDGODVWEHHQXSGDWHGLQZKLFKOHDGVWRGDWDWKDWLV\HDUVROG7KH
DJHRIWKHGDWDPHDQW WKDWDOO WUHHVKDGJURZQWRVRPHH[WHQWDQGVRPHRI WKHWUHHVKDGEHHQ
UHPRYHGRUUHSODFHG7KHUHZHUHDOVRGHIHFWVLQWKHUHJLVWHUVXFKDVVLJQLILFDQWORFDWLRQHUURUV
PDLQO\ FDXVHG E\ PLVWDNHV LQ WKH PDLQWHQDQFH 7KH WUHH UHJLVWHU KDV EHHQ ERWK FUHDWHG DQG
XSGDWHGPDQXDOO\ZKLFKLVZK\ZHFDOOLWWKHmanual tree register$PL[WXUHRIPHWKRGVXVHG
LQ FUHDWLQJ DQG XSGDWLQJ WKH UHJLVWHU KDV OHG WR HUURUV RI YDU\LQJ GHJUHH HVSHFLDOO\ LQ WKH
DFFXUDF\RIWKHORFDWLRQRIWKHWUHHV

2.2 Field measurements 
7KH ILHOG GDWD ZDV PHDVXUHG LQ DXWXPQ  7KH DLP RI WKH PHDVXUHPHQWV ZDV WR FROOHFW
UHIHUHQFHGDWDWRXSGDWHDQH[LVWLQJWUHHUHJLVWHUDQGWKHIROORZLQJSURFHGXUHZDVFDUULHGRXW
6DPSOH WUHHVZHUHFKRVHQ LQ VXFKDPDQQHU WKDW WKHGLDPHWHUDQGVSHFLHVGLVWULEXWLRQVRI WKH
PHDVXUHGWUHHVUHVHPEOHGWKHZKROHRIWKHURDGVLGHWUHHUHJLVWHU0DQ\RIWKHVSHFLHVJURXSV
FRQVLVWHGRIRQO\DVPDOOQXPEHURIWUHHV7KHUHIRUHWKHVPDOOHVWJURXSVZHUHFRPELQHGZLWK
 6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD 
RWKHU JURXSV WR IRUP ODUJHU VWUDWD ,Q WRWDO  VWUDWDZHUH XVHG DQG WKH ILHOGPHDVXUHG WUHHV
UHSUHVHQWHGGLIIHUHQWWUHHVSHFLHVDOWRJHWKHU

6DPSOH WUHHV ZHUH PHDVXUHG VWUHHWZLVH WR HQKDQFH WKH ILHOG PHDVXUHPHQW HIILFLHQF\ DUHDV
FRQVLVWLQJRIGHVLUHGWUHHVSHFLHVDQGGLDPHWHUFODVVHVZHUHVRXJKWIRU2QFHIRXQGWKHZKROH
VWUHHW VHFWLRQZDVPHDVXUHG'LDPHWHUDWEUHDVWKHLJKW '%+ZDVFROOHFWHG IURP WUHHV
7UHHKHLJKWZDVPHDVXUHGIURPVDPSOHWUHHV0HDVXUHGDUHDFRYHUHGURXJKO\NPRIURDG
VHFWLRQV

2.3 Remote sensing data 
5HPRWHVHQVLQJ56GDWDFRQVLVWHGRIKLJKGHQVLW\DLUERUQH/L'$5GDWDDQGKLJKUHVROXWLRQ
DHULDOSKRWRJUDSKV7KHVWXG\DUHDZDVVFDQQHGDWVSULQJWLPHLQDQG6FDQQLQJGDWD
VHWVZHUHVRFDOOHG³OHDIRII´GDWDZKLFKLVGHVLUDEOHLQXUEDQSODQQLQJSXUSRVHV/HDIRQGDWD
LVPRUH FRPPRQ LQ IRUHVWPDSSLQJ DSSOLFDWLRQV7KH GHQVLW\ RI UHWXUQHG/L'$5SXOVHVZDV
DERXW  SRLQWV SHU P ,Q DGGLWLRQ WR WKH /L'$5 GDWD VDPHGDWH KLJKUHVROXWLRQ DHULDO
SKRWRJUDSKV ZHUH XVHG LQ WKH VWXG\ DV YLVXDO UHIHUHQFH 7KH UHVROXWLRQ RI WKH LPDJHV ZDV
DSSUR[LPDWHO\FP

2.4 Urban tree mapping using individual tree detection 
8UEDQ WUHHVZHUHPDSSHG XVLQJ ,7' SURFHGXUHV WKH DFFXUDFLHV RIZKLFK DUHZHOO NQRZQ LQ
IRUHVW HQYLURQPHQW 9DVWDUDQWD HW DO  9DXKNRQHQ HW DO  .DDUWLQHQ HW DO 
5HDGHUVDUHDGYLVHGWRVHHRULJLQDOUHIHUHQFHVIRUPRUHGHWDLOHGGHVFULSWLRQRI,7'+\\SSlDQG
,QNLQHQ3RSHVFXHWDO+ROPJUHQDQG3HUVVRQ<XHWDODVLW LVRQO\
EULHIO\ GHVFULEHG KHUH 7KH XVHG WUHH GHOLQHDWLRQ PHWKRG ZDV EDVHG RQ WKH FUHDWLRQ RI
QRUPDOL]HGVXUIDFHPRGHOQ'60RULQWKHFDVHRIDIRUHVWFDQRS\KHLJKWPRGHORU&+0DQG
LQGLYLGXDO WUHHVZHUH WKHQ GHOLQHDWHG XVLQJZDWHUVKHG VHJPHQWDWLRQ IURP VPRRWKHQHG Q'60
HJ +\\SSl DQG ,QNLQHQ  +ROPJUHQ DQG 3HUVVRQ  7KH XUEDQ HQYLURQPHQW VHW
VSHFLDOFKDOOHQJHVIRUWKHWUHHH[WUDFWLRQSURFHVV$OWKRXJKURDGVLGHWUHHVDUHUHODWLYHO\VSDUVHO\
ORFDWHGWKHUHLVDORWRIXUEDQLQIUDVWUXFWXUHWKDWFRPSOLFDWHVWKHWUHHH[WUDFWLRQSURFHVV ODPS
SRVWV DQG SRZHU OLQHV IRU H[DPSOH UHIOHFW WKH ODVHU SXOVHV DQG DIIHFW WKH '60&+0 ,Q
DGGLWLRQWRLQIUDVWUXFWXUHKLJKYHKLFOHVPD\DOVRDIIHFWWKHVHJPHQWDWLRQSURFHVV6HJPHQWVWKDW
UHSUHVHQWHGWUHHVKDGWREHVHSDUDWHGIURPWKHLUUHOHYDQWVHJPHQWVHJODPSSRVWVHWF$IWHU
WUHH GHOLQHDWLRQ /L'$5 SRLQW FORXGV ZHUH H[WUDFWHG IRU HDFK VHJPHQW LH WUHH FDQGLGDWH
(YHU\ VHJPHQW ZDV FRQVLGHUHG WR FRQWDLQ RQO\ RQH WUHH ,Q WRWDO  /L'$5 PHWULFV ZHUH
FDOFXODWHG 7KH PHWULFV LQFOXGHG RQO\ WKH PRVW FRPPRQ /L'$5 PHWULFV VXFK DV KHLJKW
SHUFHQWLOHVDQGSURSRVLWLRQVRIFDQRS\KLWVDWYDULRXVKHLJKWV)RUPRUHGHWDLOHGGHVFULSWLRQRI
WKHXVHG IHDWXUHV VHH HJ<XHW DO 2QO\ ³ILUVW´ DQG³RQO\´ HFKRHVZHUHXVHG LQ WKHVH
FDOFXODWLRQV

2.5 Linking ITD tree candidates with existing tree register 
$IWHU H[WUDFWLRQ WKH VHJPHQWVZHUH MRLQHG WR FRUUHVSRQGLQJ WUHHV LQ WKH WUHH UHJLVWHU$W WKLV
SRLQWWKHORFDWLRQVRIWKHWUHHVLQWKHRULJLQDOWUHHUHJLVWHUZHUHXWLOL]HGWRMRLQWKHWUHHVHJPHQWV
DQGWKHUHJLVWHUWUHHV:KHQMRLQLQJWKHWUHHFDQGLGDWHVDQGWKHORFDWLRQSRLQWVRIUHJLVWHUWUHHV
WKHVHJPHQWVZHUHGLYLGHGLQWKUHHJURXSV
 6HJPHQWVZLWKRQO\RQHUHJLVWHUWUHHORFDWLRQSRLQWLQWKHP
 6HJPHQWVZLWKPXOWLSOHUHJLVWHUWUHHORFDWLRQSRLQWV
 6HJPHQWVZLWKQRUHJLVWHUWUHHORFDWLRQSRLQWV

6HJPHQWV LQ WKH ILUVW JURXS ZHUH DFFHSWHG DV WKH\ZHUH DQG WKH WZR ODWWHU WZR JURXSVZHUH
IXUWKHUH[DPLQHG7KHILUVWWUHHJURXSWRRNLQDERXWRIWKHWUHHVLQWKHWUHHUHJLVWHU7KHVH
VHJPHQWVZHUHFRPELQHGWRUHJLVWHUWUHHVEDVHGRQ;<ORFDWLRQ
 6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD 

7KH VHFRQG JURXS FRQVLVWHG RI VHJPHQWV WKDW LQFOXGHG PXOWLSOH UHJLVWHU WUHHV 7KLV NLQG RI
VHJPHQWDWLRQRFFXUUHG LI WKH UHJLVWHU WUHHVKDGRYHUODSSLQJFURZQDUHDRU WKHSRVLWLRQVRI WKH
WUHHVZHUHLQFRUUHFW,WLVDOVRSRVVLEOHWKDWWKHVHJPHQWVLQWKHVHFRQGJURXSFRQWDLQHGVRFDOOHG
JKRVWWUHHVWKDWQRORQJHUH[LVWHG6XFKWUHHVKDGGLHGRUKDGEHHQFXWGRZQDWVRPHSRLQWEXW
WKHLUHQWULHVKDGQRWEHHQHUDVHGIURPWKHUHJLVWHU7KLVJURXSZDVWKHPRVWODERULRXVWRZRUN
ZLWKEHFDXVHDOO WKH VHJPHQWVKDG WREHPDQXDOO\FKHFNHG IRU³JKRVWV´7KLV LQVSHFWLRQZDV
FDUULHG RXWZLWK YLVXDO LQWHUSUHWDWLRQ RI KLJK UHVROXWLRQ DHULDO SKRWRJUDSKV DQG/L'$5SRLQW
FORXGV7KHVHJPHQWVLQWKHVHFRQGJURXSWKDWGLGDFWXDOO\FRQWDLQPXOWLSOHWUHHVZHUHLJQRUHG
DQGQHZVHJPHQWVZHUHFUHDWHGPDQXDOO\IRUHDFKUHJLVWHUWUHH

7KHVHJPHQWVLQWKHWKLUGJURXSZHUHWHVWHGIRUQHDUE\WUHHVWKHUHZHUHHUURQHRXVWUHHORFDWLRQV
XSWRVHYHUDOPHWHUVLQWKHRULJLQDOWUHHUHJLVWHU7KHUHIRUHWKHVHJPHQWVLQWKHWKLUGJURXSZHUH
MRLQHGWRWKHQHDUHVWUHJLVWHUWUHH+RZHYHUWKLVFRXOGEHGRQHRQO\ZKHQWKHILUVWWZRJURXSV
KDGEHHQFRPSOHWHG

2.6 Prediction of tree characteristics 
7KH ILHOGREVHUYHG WUHH YDULDEOHV LH KHLJKW DQG '%+ ZHUH XVHG DV <YDULDEOHV DQG WKH
/L'$5GHULYHGPHWULFV DV;YDULDEOHV 3UHGLFWLRQZDV FDUULHG RXW XVLQJ WKH5DQGRP)RUHVWV
5)PHWKRGZKLFKFDQEHFRQVLGHUHGDVRQHRIWKH111HDUHVW1HLJKERXUWHFKQLTXHV7KH
PDLQLGHDLQ11LPSXWDWLRQVLVWKDWWZRUHFRUGVZKLFKVKDUHVLPLODU;YDOXHVVKRXOGDOVRKDYH
VLPLODU<YDOXHV7KHQ WKHPLVVLQJ<YDULDEOHV IRU WDUJHW UHFRUGVFDQEH LPSXWHGXVLQJVRPH
VLPLODULW\PHWULFVDQGWKHUHIHUHQFHUHFRUGVZLWKERWK;DQG<YDULDEOHV ,Q5) WZRUHFRUGV
DUH FRQVLGHUHG VLPLODU LI WKH\ WHQG WR HQG XS LQ WKH VDPH WHUPLQDO QRGHV LQ D FROOHFWLRQ RI
FODVVLILFDWLRQDQGUHJUHVVLRQWUHHV%UHLPDQ7KHGLVWDQFHPHDVXUHLQ5)LVRQHPLQXVWKH
SURSRUWLRQ RI WUHHV ZKHUH D WDUJHW REVHUYDWLRQ LV LQ WKH VDPH WHUPLQDO QRGH DV D UHIHUHQFH
REVHUYDWLRQ&URRNVWRQ	)LQOH\

,QWKH5)PHWKRGWUHHVSHULPSXWHGYDULDEOHZHUHILWWHGLQHDFK5)UXQDQGVTXDUHURRWRI
WKH QXPEHU RI SUHGLFWRU YDULDEOHVZDV SLFNHG UDQGRPO\ DW WKH QRGHV RI D UHJUHVVLRQ WUHH ,Q
DGGLWLRQWRWKHQXPEHURIILWWHGWUHHVWKHQXPEHURIQHLJKERXUVNWKDWLVXVHGLQSUHGLFWLQJWKH
YDULDEOHVLVDQHVVHQWLDOSDUDPHWHUDIIHFWLQJWKHUHVXOWV,QWKLVVWXG\NYDOXHVIURPWRZHUH
WHVWHG  5) UXQV ZHUH H[HFXWHG IRU HDFK N DQG URRWPHDQVTXDUH GHYLDWLRQ 506'ZDV
GHWHUPLQHG IRU HDFK WUHH:KHQNYDOXHZDV VHW WR WKHPHWKRG OHG WR WKH VPDOOHVW506'
+RZHYHUWKHGLIIHUHQFHLQ506'EHWZHHQNYDOXHVRIDQGZDVVRVPDOOWKDWYDOXHZDV
FKRVHQDV WKH ILQDOQXPEHURIQHLJKERXUV7KHGHFLVLRQRIXVLQJ VPDOOHUNYDOXH DOWKRXJK LWV
506' ZDV VOLJKWO\ KLJKHU ZDV PDGH EHFDXVH ELDV LQFUHDVHV DV WKH QXPEHU RI QHLJKERUV
LQFUHDVHV 6HOHFWLQJ WKH YDOXH IRU N LV DOZD\V D FRPSURPLVH ORZ YDOXH RI N LQFUHDVHV WKH
UDQGRPHUURURIWKHHVWLPDWHVZKLOHKLJKYDOXHRINUHVXOWVLQDYHUDJHGHVWLPDWHVDQGUHGXFHV
WKH YDULDWLRQ DYDLODEOH LQ WKH RULJLQDO GDWDVHW 7KH 5 \D,PSXWH OLEUDU\ &URRNVWRQ	 )LQOH\
ZDVDSSOLHGLQWKHLPSXWDWLRQV

3. Results 
7UHH YDULDEOHV ZHUH HVWLPDWHG IRU  ILHOG WUHHV 7KH HVWLPDWHG YDULDEOHV ZHUH '%+ WUHH
KHLJKWDQGORFDWLRQRIWKHWUHH;DQG<FRRUGLQDWHV7KHHUURUHVWLPDWHVRIKHLJKWDQG'%+
HVWLPDWLRQVDUHSUHVHQWHGLQWDEOH

 
 6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD 
 7DEOH506(RIWUHHKHLJKWDQG'%+E\PHDVXUHPHQWXQLW

0HDVXUHPHQW
XQLW
506(DEV 506(UHO 5HODWLYHVL]HRIWKH
PHDVXUHPHQWXQLW
KHLJKWGP '%+FP KHLJKW '%+
/LPH     
5RZDQ     
(OP     
0DSOH     
%LUFK     
2DN     
$SSOH     
3LOODUWUHHV     
+DZWKRUQ     
$OGHU     
:LOORZ     
3RSODU     
3LQH     
6SUXFH     
Total 11,9 5,1 11,5 20,9 100 

%HFDXVHWKHDLPRIWKHUHVHDUFKZDVWRILQGDPHDQLQJIXODQGHIILFLHQWZD\WRXSGDWHDQH[LVWLQJ
WUHH UHJLVWHU ORFDWLRQ DFFXUDF\ZDV QRW FRQWHPSODWHG +RZHYHU WKH VDPH ORFDOL]LQJPHWKRG
ZDVXVHGLQWKH6HXUDVDDULDUHDLQDVHSDUDWHVWXG\ZKHUHWKHVWDQGDUGHUURURIWKHORFDWLRQZDV
IRXQGWREHDERXWPHWHUV

4. Discussion 
/L'$5GDWDLVDFTXLUHG LQ+HOVLQNLPDLQO\IRURWKHUXUEDQPDSSLQJDQGPHDVXULQJSXUSRVHV
8UEDQWUHHPDSSLQJWKHUHIRUHSURYLGHVDQHZZD\WRXWLOL]HGDWDWKDWLVDOUHDG\FROOHFWHG

7UHHPDSSLQJ XVLQJ ,7' LV WKHPRVW FULWLFDO SKDVH RI WKH XSGDWLQJ SURFHVV RI DPDQXDO WUHH
UHJLVWHU,IDWUHHIDOOVLQVLGHDQLQIHULRUVHJPHQWDVHJPHQWWKDWLVLOOVKDSHGRUUHSUHVHQWLQJD
ZURQJWUHHLWV ORFDWLRQDQGERWK'%+DQGKHLJKWPLJKWEHDIIHFWHG,QIHULRUVHJPHQWVPLJKW
UHSUHVHQW RQO\ D VPDOO SDUW RI D VLQJOH WUHH FURZQ RU LQ WKH ZRUVW FDVH WKH VHJPHQWPLJKW
FRQWDLQ SDUWV RIPXOWLSOH WUHHV RU RWKHU XUEDQ REMHFWV VXFK DV FDEOHV ODPSSRVWV HWF ,Q VXFK
FDVHVORFDOPD[LPDZLOOQRWQHFHVVDULO\UHSUHVHQWWUHHWRSVRIVSHFLILFWUHHV/L'$5UHWXUQVIURP
LQFRUUHFWWUHHVRURWKHUREMHFWVUHVXOWLQSRRUTXDOLW\/L'$5PHWULFVDQGWKXVDIIHFWDOOSUHGLFWHG
YDULDEOHV LQFOXGLQJ WUHH ORFDWLRQ 7KH YDULDWLRQ LQ WUHH VL]H LV DOVR D FKDOOHQJH LQ WKH
VHJPHQWDWLRQ SURFHVV 2OG DQG VSDUVH EURDGOHDYHG WUHHV WHQG WR KDYH IRUNHG FURZQV &+0
UHVXOWHGIURPWKHVHNLQGRIFURZQVVKRXOGEHVPRRWKHGTXLWHKHDYLO\LQRUGHUWRSURGXFHSURSHU
VHJPHQWV7KHVPDOOHVWWUHHVKRZHYHUGLVDSSHDULQWRWKHEDFNJURXQGLI&+0LVVPRRWKHGWRR
PXFK7KHGLVDSSHDUDQFHRFFXUVGXHWRWKHUDWKHUQDUURZFURZQVRI\RXQJWUHHVHVSHFLDOO\LQ
OHDIRII/L'$5GDWD

7KHDFFXUDF\RI'%+HVWLPDWHVZDVJRRG,QXUEDQHQYLURQPHQW6KUHVWKDDQG:\QQH
UHSRUWHGDQRYHUDOO506(RIFPZKHQ/L'$5KHLJKWPHWULFVZKHUHXVHGDVH[SODQDWRU\
YDULDEOHVLQOLQHDUPRGHOV,Q<XHWDOWKH506(RI'%+ZDVZKHQ5DQGRP
)RUHVWPHWKRGVZHUHXVHGLQIRUHVWHQYLURQPHQW$FFXUDWHHVWLPDWHVPD\SDUWO\EHDUHVXOWRI
WKH KRPRJHQRXV QDWXUH RIPRVW URDGVLGH WUHHV WKHUH DUH ORQJ URDGVLGH VHFWLRQV FRQVLVWLQJ RI
YHU\ VLPLODU WUHHV +RZHYHU GXH WR WKH QDWXUH RI 5DQGRP )RUHVW PHWKRGRORJ\ HUURU RI WKH
'%+HVWLPDWHIRUDVLQJOHH[FHSWLRQDOWUHHPD\EHVLJQLILFDQW
 6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD 
,QDQXUEDQHQYLURQPHQW WKH WUDGLWLRQDO WUHHFKDUDFWHULVWLFVVXFKDVYROXPHDQGGLDPHWHUORVH
VRPH RI WKHLU LPSRUWDQFH WR DWWULEXWHV OLNH WUHH ORFDWLRQ ,Q WKLV VWXG\ WUHH ORFDWLRQ ZDV
GHWHUPLQHGE\WKH;<ORFDWLRQRIWKHKLJKHVW/L'$5UHWXUQLQVLGHWKHVHJPHQW,QPRVWFDVHV
WKLVPHWKRGJLYHVDQDFFXUDWHHVWLPDWHRIWKHWUHHWRSORFDWLRQILJXUH+RZHYHUWKHPHWKRG
PD\EHPLVOHGE\VHYHUDOWKLQJV)LUVWO\WKHORFDWLRQRIWKHWUHHVWHPLVUDUHO\WKHVDPHDVWKH
ORFDWLRQRIWKHWUHHWRSXUEDQGHFLGXRXVWUHHVDUHRIWHQXQHTXDOO\EUDQFKHGDQGWKHLUVWHPVDUH
RIWHQ DW DQ DQJOH 6HFRQGO\ DV PHQWLRQHG HDUOLHU WKH PHWKRG LV KHDYLO\ LQIOXHQFHG E\ WKH
VXFFHVV RI VHJPHQWDWLRQ /L'$5 UHWXUQV IURP QHDUE\ WUHHV RU RWKHU REMHFWV PD\ FDXVH
FRQVLGHUDEOHODFNRISUHFLVLRQLQWUHHORFDWLRQ,QIXWXUHUHVHDUFKRWKHUZD\VRIGHWHUPLQLQJWUHH
ORFDWLRQVKRXOGEHVWXGLHG


)LJXUH6HJPHQWHGURDGVLGHWUHHV5HGGRWVLQGLFDWHWKH/L'$5EDVHGORFDWLRQV

7KHORFDWLRQRIWKHWUHHLVWKHVLQJOHPRVWVLJQLILFDQWFKDUDFWHULVWLFRIDURDGVLGHWUHHEXWRWKHU
DWWULEXWHVDUHDOVRZRUWKREVHUYLQJ%HIRUH WKLVVWXG\ WKH WUHHUHJLVWHURI WKH&LW\RI+HOVLQNL
GLGQRWKDYHLQIRUPDWLRQDERXWWUHHKHLJKWDVLWKDVSUHYLRXVO\EHHQWRRFRVWO\WRGHWHUPLQHIRU
DOOWUHHV7KH/L'$5EDVHGPHWKRGFUHDWHGLQWKLVVWXG\DOORZVFRVWHIILFLHQWGHWHUPLQDWLRQRI
WUHHKHLJKWDPRQJRWKHU/L'$5IHDWXUHV,QDQXUEDQHQYLURQPHQWWUHHKHLJKWLQIRUPDWLRQFDQ
EHXWLOL]HGIRUH[DPSOHLQWUDIILFRULHQWHGYLVLELOLW\DQDO\VLV

 6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD 
$OWKRXJK WKH VWHP ORFDWLRQPLJKWGLIIHU IURP WKH WUHHWRS ORFDWLRQ LW LV YHU\XVHIXO IRU IXWXUH
XSGDWLQJ:KHQDSSOLHGWRDQHZ/L'$5GDWDVHWWUHHWRSVDUHPRVWOLNHO\IRXQGLQWKHYLFLQLW\
RI SUHYLRXVO\ GHWHUPLQHG WUHHWRS ORFDWLRQV /L'$5 DFFXUDF\ LQ ;<SODQH LV EHWWHU WKDQ a
FHQWLPHWUHV:KHQWKHWUHHWRSORFDWLRQVDQGWKHLUDFFXUDF\DUHNQRZQMRLQLQJUHJLVWHUWUHHVWR
QHZ VHJPHQWV VKRXOG EH HDVLHU DQG RQO\ D VPDOO SURSRUWLRQ RI VHJPHQWV KDV WR EHPDQXDOO\
FRPELQHG WR UHJLVWHU WUHHV7KLVPDNHV/L'$5EDVHG DSSURDFK HIIHFWLYH IRUPDLQWDLQLQJ WUHH
UHJLVWHUV2QFHDVHJPHQWLVFUHDWHGDQGMRLQHGWRDUHJLVWHUWUHHWKHWUHHVKRXOGEHIRXQGZLWKLQ
WKHVHJPHQW LQIXWXUH/L'$5GDWDDVZHOO7KLVVLJQLILFDQWO\HQKDQFHV WKHSURGXFWLYLW\RI WKH
DSSURDFKDV WKHVHJPHQWDWLRQSKDVHKDV WREHH[HFXWHGRQO\ LQDUHDV WKDWKDYHQHZO\SODQWHG
WUHHV$OVRWKHWLPHFRQVXPLQJMRLQLQJRILOOORFDWHGUHJLVWHUWUHHVDQGVHJPHQWVKDVWREHGRQH
RQO\RQFH

7KHTXDOLW\RIWKHWUHHUHJLVWHUJUHDWO\DIIHFWVWKHSURFHVV-RLQLQJRIH[LVWLQJUHJLVWHUWUHHVDQG
/L'$5VHJPHQWV LVEDVHGRQVSDWLDO ORFDWLRQ7KHPRUHWKHORFDWLRQLQIRUPDWLRQRIDUHJLVWHU
WUHHGLIIHUV IURP WKH UHDOLW\ WKHPRUHGLIILFXOW LWEHFRPHV WR MRLQ WKHULJKW UHJLVWHU WUHH WR WKH
ULJKWVHJPHQW$VPHQWLRQHGHDUOLHUWKHVRFDOOHG³JKRVWWUHHV´ZHUHDOVRSUREOHPDWLF7KLVZDV
EHFDXVHWKHGLIIHUHQFHEHWZHHQROGDQGSUHVHQWWUHHORFDWLRQVZDVXVXDOO\YHU\VPDOOP$V
DUHVXOWPXOWLSOHUHJLVWHUWUHHVHQGHGXSLQWKHVDPHVHJPHQWVWKXVDIIHFWLQJWKHHIILFLHQF\RI
FRPELQLQJUHJLVWHUWUHHVWRVHJPHQWV

:KHQHYHU\UHJLVWHUWUHHKDVLWVRZQVHJPHQWFKDQJHGHWHFWLRQFDQEHFDUULHGRXWRQDVLQJOH
WUHHOHYHO7KLVHQDEOHVHIIHFWLYHPRQLWRULQJDQGPDQDJLQJRIXUEDQWUHHV6LQJOHWUHHELRPDVV
IXQFWLRQVIRUH[DPSOHFDQEHXWLOL]HGLQRUGHUWRHIILFLHQWO\PDQDJHWKHFDUERQVWRUDJHWKDWWKH
XUEDQWUHHVIRUP7UDGLWLRQDOPDQDJLQJSURFHGXUHVEHQHILWIURPH[DFWUHJLVWHUVDVZHOOFRVWO\
QXUVLQJ DFWLRQV FDQ EH DOORFDWHG SUHFLVHO\ ZKLFK UHGXFHV WKH FRVWV RI PDLQWDLQLQJ XUEDQ
IRUHVWHGDUHDV

5. Conclusions 
7KH/L'$5EDVHGDSSURDFKLQWURGXFHGDERYHSURYLGHVDQHIILFLHQWWRROIRUXSGDWLQJXUEDQWUHH
UHJLVWHUV,QDFLW\HQYLURQPHQW/L'$5GDWDLVZLGHO\XVHGIRURWKHUSXUSRVHVZKLFKORZHUWKH
FRVWVRIGDWD DFTXLVLWLRQ+RZHYHU WKHUH DUH VHYHUDO HOHPHQWV WKDWQHHG WREH LPSURYHG7KH
GHILQLWLRQ RI WUHH ORFDWLRQ IRU H[DPSOH QHHGV IXUWKHU UHVHDUFK $ FRPELQDWLRQ RI DLUERUQH
/L'$5DQG0RELOH/DVHU6FDQQLQJGDWDZRXOGEHPRVWOLNHO\WRLPSURYHWKHORFDWLRQDFFXUDF\

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Abstract 
 
LiDAR sampling or full-area coverage is deemed as favorable means to achieve timely and 
robust characterizations of vertically distributed forest attributes. So far, two main strategies on 
the use of LiDAR data in forestry are reported: area-based method (ABA) and individual tree 
method (ITC). Recently, a novel 3D segmentation approach has been developed for extracting 
single trees from LIDAR data. It is an integrated approach, which delineates tree crowns by 
using the watershed algorithm and stem detection followed by applying 3D normalized cuts 
segmentation. However, all the parameters for the modules used in the whole strategy including 
watershed and normalized cut segmentations are empirically determined and the key parameter 
settings are to be optimized. Additionally, the robustness of the 3D tree segmentation approach 
needs to be examined in order to give a better understanding of the algorithm mechanism. 
 
This paper highlights a study for sensitivity analysis of 3D single tree detection from 
small-footprint airborne LiDAR data by varying key parameters used in the segmentation 
procedure, such as segmentation threshold, minimal number of voxels allowed in a segment, 
voxel size, merged size of watershed segments, etc. The aim of the study is to find out the 
optimal combinations of key parameter values towards the performance of single tree detection 
via sensitivity analysis. It could help us to gain more insights into different models used in the 
whole procedure and is also of benefit to the further improvement and development in such 
models. Test data used in this work were captured with the Riegl LMS-Q680i scanner at 
four-fold point densities of 5pts/m2, 10pts/m2 15pts/m2 and 20pts/m2 under leaf-off condition. 
The study results proved the robustness and efficiency of the 3D segmentation approach in 
different airborne LiDAR data with respect to the single tree detection. Datasets whose point 
density is larger than 10 pts/m2 seem to hardly much contribute to the improvement to the 
performance of 3D tree detection. The performance of the approach might be further revealed 
and improved by optimizing the determination of key parameters’ values with respect to 
different data properties. 
 
1. Introduction  
 
Airborne laser scanning (ALS) or LiDAR has been widely used in mapping the Earth’s surface 
and especially for forestry applications. Recent advances in LIDAR technology have 
demonstrated that new full waveform scanners can provide a higher spatial point density and 
additional information about the reflectional characteristics and vertical structure of trees (Stilla 
et al., 2007; Reitberger et al., 2008; Yao and Stilla, 2010 and Yao et al., 2010). As LiDAR 
instrument technology continues to improve and acquisition costs decrease, the wall-to-wall 
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characterization of large forested areas will become more common. Therefore, LiDAR sampling 
or full-area coverage is deemed as favorable means to achieve timely and robust large-area 
characterizations of vertically and horizontal distributed forest structures.  
 
Two main strategies on the use of LiDAR data in forestry are reported: area-based method 
(ABA) and individual tree method (ITC). In the ABA, ALS point cloud data are aggregated at 
the inventory plot level by describing them based on the height distribution and canopy density 
metrics (Næsset, 2002), such as echo ratio, height percentiles and canopy cover percentiles. 
These metrics can be imported into regression models as independent variables. In this way, the 
response is an aggregation of single tree measurements on sample plots and could be as in the 
case of mean tree height, stem volume, biomass or forest fuel parameters (Nelson et al., 1988, 
Andersen et al., 2005 and Heurich and Thoma, 2008). In the ITC approach, either canopy height 
model (CHM) (e.g. Persson et al.,2002;Yu et al., 2011) or the ALS raw data points clouds 
(Reitberger et al., 2009; Vauhkonen et al., 2012; Yao et al., 2012) are used to be segmented into 
single tree objects. Properties at single tree level can subsequently be estimated using the tree 
segments, such as tree height, crown diameter, tree species, crown base height and stem volume. 
The ITC method is more intuitive than ABA since the derived parameters refer to the single tree, 
which is the smallest unit in forest management. 
 
Novel methods for ITC approach tackle conceptually the segmentation problem with a 3D 
approach instead of using only the CHM. In combination with full waveform data Reitberger et 
al. (2009) successfully demonstrated that the overall detection rate of single trees could be 
significantly improved, especially in heterogeneous forest types. The improvement happened 
mostly to the lower forest layers with 20%. The fusion of 3D techniques with full waveform 
data pushed the single tree approach to a new level of completeness. Meanwhile, the estimation 
of tree shape parameters benefits from 3D tree segments. Moreover, the tree reflectional 
characteristics gain more insight into tree structure which are significant for tree species 
classification and growth condition identification. Therefore, unbiased species-specific models 
can be used to accurately determine forest biophysical parameters even at single tree level 
(Korpela et al., 2010 and Yao et al., 2012). 
 
So far, little attention has been paid to the sensitivity analysis of detecting 3D individual trees 
from heterogeneous forest areas using LiDAR data. A fully automated method for tree detection 
is always desirable; a sensitivity analysis can be performed to characterize and quantify the 
uncertainty sources of the algorithm and enables to help optimize the selection of control 
parameters towards the best performance. Therefore, a detailed understanding of the uncertainty 
of the key control parameters on the performance of individual tree detection is required. In our 
former works of Reitberger et al. (2009), the smoothing factor and segmentation threshold were 
already investigated in a preliminary configuration with limited point density and value domain. 
In the past several years there are few authors dealing with the similar topics. In Gonzalez et al. 
(2010) and Lu et al. (2012), an uncertainty analysis is performed for estimating forest carbon 
stock and biomass from satellite imagery and LiDAR data. The dominate sources of uncertainty 
are the variation of input sample plot data and data saturation problem related to optical sensors. 
Monnet et al. (2010) conducted a sensitivity analysis of a treetop detection algorithm in the 
French Alps by automated evaluation of detection performance for several parameter 
combinations. The optimization of parameters may depend on both the laser data, mainly point 
density, and on the forest structure and species. Palleja et al. (2010) investigated the sensitivity 
of the tree volume estimates relative to different error sources in the spatial trajectory of a 
mobile terrestrial LIDAR and found out that the volume estimation is very sensitive to both 
errors in the determination of the distance from the LIDAR to the center of the trees and in the 
determination of the orientation angle of LIDAR. In Mutlu et al. (2008), fuel model maps 
obtained based on QuickBird image and LIDAR-derived variables were used to perform a 
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sensitivity analysis of fire behavior modeling. The study showed that the accuracy of fuel 
mapping can be improved by at least 13%. 
 
The full waveform LiDAR systems have the possibility to overcome drawbacks of conventional 
laser scanners since they detect significantly more reflections for trees in the lower forest layer, 
and provide the intensity and the echo width as reflectional properties. The objectives of this 
work are (i) examine the influence of control parameters’s uncertainty on the performance of 
tree detection in a mixed strand forest from airborne full-waveform LiDAR, (ii) exploit the 
feasibility towards optimizing control parameters for 3D single tree detection, and (iii) provide a 
preliminary result on sensitivity analysis of 3D tree detection in airborne LiDAR data. 
 
The paper is divided into five sections. Section 2 focuses on the methodology of 3D 
segmentation of single trees and introduces key control parameters to undergo sensitivity 
analysis. Section 3 presents the experimental results which are obtained from full-waveform 
LiDAR data of four-fold point densities in Austrian floodplain forest. Finally, the results are 
discussed and concluded in the last two sections. 
 
2. Method 
 
2.1 Waveform decomposition 
 
We assume that full waveform LIDAR data have been captured in a region of interest (ROI). A 
single waveform is decomposed by fitting mixed Gaussian pulse models to the waveform which 
contains NR reflections (Figure 1).  
 
Figure 1: 3D points and attributes derived from a waveform (Reitberger et al., 2009) 
 
The vector ( , , , , )( 1,..., )Ti i i i i i Rx y z W I i N  X  is provided for each reflection i with ),,( iii zyx  as the 
3D coordinates of the echo. Additionally, the points iX  are given the width 2i iW ı   and the 
intensity 2i i iI ı AS     of the echo pulse with iı  as the standard deviation and Ai as the 
amplitude of the reflection i (Reitberger et al., 2008). Note that basically each reflection in the 
travel path of the laser beam can be detected by the waveform decomposition. This is 
remarkable since some conventional first/last pulse LIDAR systems have a dead zone of about 3 
m which makes these systems effectively blind after triggering a reflection. 
 
The LiDAR data are corrected by referencing Wi and Ii to the pulse width eW and the intensity 
eI of the emitted Gaussian pulse and correcting the intensity with respect to the run length si of 
the laser beam and a nominal distance s0.  
 
    eici WWW                  (1) 
    0( ) ( )c k e ki i iI I s I s                   (2) 
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2.2 Single tree detection  
 
The hybrid approach for single tree detection consists of two steps (Reitberger et al., 2009): 
watershed transformation with stem detection and normalized cut segmentation within merged 
watershed segments. 
 
The coarse detection of single trees is achieved from the CHM by a watershed transformation. 
The CHM is derived by subdividing the ROI into a grid having a cell spacing of cp and NC cells. 
Within each grid cell, the highest 3D point is selected and adapted with respect to the ground 
level groundjz , i.e.  ),...,1( CgroundjjCHMj Njzzz   . The ground level groundjz  is estimated from a given 
digital terrain model (DTM) by bilinear interpolation. In the next step, all the highest 3D points 
),...,1)(,,( C
CHM
jjj
T
j Njzyx   X  of all NC cells are robustly interpolated in a grid that has NX and NY 
grid lines and a grid size gw. For this purpose an algorithm called ‘gridfit’ (D’Errico, 2006) is 
adopted which smoothens the surface by maintaining the surface gradients as small as possible. 
The trade-off between interpolation and regularization is determined by the adjustable 
smoothing factor. Both steps are carried out simultaneously in a least squares adjustment. The 
result is a smoothed CHM having equally spaced cells. The watershed segments derived on this 
CHM act as candidate regions where single trees could be contained. The results can also be 
improved by an additional stem detection method to further detect small trees which are not 
represented by local maximums. 
 
Within every watershed segments the 3D segmentation technique using normalized cuts (Shi 
and Malik, 2000) is used to detect point clouds associated to single trees (Figure 2). This makes 
it possible to detect also smaller understory trees which cannot be indicated by local maxima in 
the CHM. This segmentation uses the positions (xi, yi, zi) of the laser reflections and the pulse 
width Wi and the intensity Ii of the waveform decomposition. Additionally, stem positions or 
local maximums derived by the watershed segmentation of CHM are used as a-prior knowledge. 
The normalized cut segmentation applied to the voxel structure of a (merged) watershed 
segment is based on a graph G describing the adjacent topology between each voxel. The two 
disjoint segments A and B of the graph are found by minimizing the cost function: 
 
( , ) ( , )
( , )
( , ) ( , )
Cut A B Cut A B
NCut A B
Assoc A V Assoc B V
                (3) 
 
with 
,
( , ) ij
i A j B
Cut A B w
H H
 ¦ as the total sum of weights between the segments A and B and 
,
( , ) ij
i A j V
Assoc A V w
H H
 ¦  as the sum of the weights of all edges ending in the segment A. The weights 
wij specify the similarity between the voxels and are a function of the LiDAR point distribution 
and various features. The segmentation is realized by maximizing the similarity within the 
segment voxels and minimizing the similarity between the segments A and B. It turned out that 
the spatial distribution of the LiDAR points mainly influences the weighting function. The 
features derived from the LiDAR points attributes of Wi and Ii only support in second instance 
the segmentation result. Note that the 3D segmentation approach is not limited to full waveform 
LiDAR data. It can also successfully be applied to conventional LiDAR data just providing 3D 
point coordinates. 
 
2.3 Key control parameters for sensitivity analysis 
 
Several key control parameters for 3D tree extraction algorithm from airborne LiDAR data are 
selected here to perform the sensitivity analysis. 
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2.3.1 Threshold for normalized cut value NCutThres 
 
The minimization of NCut(A,B) is solved by the corresponding generalized eigenvalue problem 
( )D W y DyO  , where the minimum solution y1 corresponds to the second smallest eigenvalue Ȝ1. 
Since y1 is real-valued, but may only have two distinct indicator values (+1,-1) we need to 
binarize it by introducing a threshold into the histogram of y1. Using simply the values 0 or 
median(y1) leads to proper results. The results can be improved by testing several possible 
values with respect to the resulting value of NCut and choosing the value causing the smallest 
NCut value. We find the optimal value by stepwise testing all values within the range of y1 in a 
small interval. Thus, the graph G is subdivided into two disjoint segments G1and G2. After that, 
the abovementioned steps of solving the eigenvalue problem and binarization of y1 are to be 
performed iteratively on the sub-graphs G1and G2 until the value for NCut reaches or exceeds 
the threshold NCutThres. 
 
2.3.2 Minimal number of voxels in a segment NSeg_Min 
 
Likewise, the control parameter _Seg MinN  is also used to terminate the iteration of the subdivision 
of the graph G, if the number of voxels in one of divided sub-graphs is smaller than the certain 
minimal number _Seg MinN . 
 
2.3.3 Voxel size SizeV  
 
To enable a 3D tree segmentation in LiDAR point clouds based on normalized cuts the ROI 
delineated by the watershed segmentation is subdivided into a voxel structure with a voxel 
spacing of SizeV  and x y zv v v vN N N N u u  voxels (Figure 2). Within each voxel of size SizeV we 
collect N reflections ( , , , , ) ( 1.... )Ti i i i i iX x y z W I i N  , where only voxels comprising at least one 
reflection are used in the segmentation. The voxel structure is represented as a region adjacency 
graph G={V,E} with V as the voxels representing the nodes and E as the edges formed between 
every pair of nodes. The similarity between two nodes {i,j}ѮV is described by the weights wij 
which are computed from features associated with the voxels. Basically, the similarity between 
voxels decreases with increasing distance between two voxels and drops down to zero beyond 
the threshold rXY for the mutual distance in order to keep the graph G at a reasonable size for 
computation. The goal of normalized cut segmentation is to divide the graph G into disjoint 
voxel segments A and B (Figure 2) by maximizing the similarity within the segment members 
and minimizing the similarity between the segments A and B. 
 
 
Figure 2: (a) Subdivision of the ROI into a voxel structure and (b) division into two tree segments. 
(Reitberger et al., 2009a) 
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2.3.4 Merged size of watershed segments _Seg MergS  
 
The watershed transformation is performed at the first step to segment the CHM and delineate 
2D crowns of dominate trees. The watershed segments can be viewed as candidate areas for 3D 
tree segmentation under the CHM. To overcome the oversegmentation and maintain the 
computational efficiency of the algorithm on the large-area forest, the adjacent watershed 
segments are usually merged to build a larger area to undergo the normalized cuts segmentation 
in 3D. The parameter _Seg MergS  controls the maximal size of the merged watershed segments. 
The merging process of adjacent watershed segments will be terminated until the size of merged 
segments reaches this threshold. It is expected to see which kind of impact on the performance 
of 3D tree detection the merged sized could have. An illustrative example for merging 
watershed segments can be found in Figure 3.  
 
 
Figure 3: Left: original watershed segments; Right: merged watershed segments. 
 
3. Experiment 
 
3.1 Material  
 
Experiments were conducted in the Austrian floodplain forest, which is located in western 
Austria along the border to the Germany (47o 58’ 19” N, 12o 55’ 9” E). Twenty seven sample 
plots with an area size between 200 m2 and 500 m2t. The forest comprises alluvial forest, spruce 
monocropping, deciduous mixed forest with partial pinewood. Practically, all age classes are to 
be found. Furthermore, the trees are subdivided into three layers with respect to the top height 
htop of the plot, where htop is defined as the average height of the 100 highest trees per ha. The 
lower layer contains all trees below 50% of htop, the intermediate layer refers to all trees 
between 50% and 80% of htop, and finally, the upper layer contains the rest of the trees. The 
plots comprise forest in the early and the late pole phase. Table 1 summarizes the characteristics 
of the individual sample plots. 
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Table 1: Characteristics of sample plots 
 
Plot Size [ha] Altitude [m] Trees/ha Deciduous [%] N lower 
layer  
N interm. 
layer  N upper layer
I 0.05 441 448 0 0 0 12 
II 0.04 441 483 0 0 0 9 
III 0.05 441 417 100 0 2 11 
IV 0.04 441 349 100 0 1 7 
V 0.05 441 490 0 0 0 13 
VI 0.04 440 261 100 0 2 2 
VII 0.04 440 202 100 0 1 4 
VIII 0.03 441 560 75 0 6 2 
IX 0.05 441 453 0 0 0 14 
X 0.05 440 441 0 0 0 13 
XI 0.04 440 272 100 0 0 5 
XII 0.05 439 196 100 0 0 6 
XIII 0.05 439 487 0 0 0 14 
XIV 0.05 439 490 0 0 0 13 
XV 0.06 439 679 0 0 0 23 
XVI 0.04 440 371 100 0 2 7 
XVII 0.05 439 698 0 0 0 18 
XVIII 0.05 482 576 0 0 0 16 
XIX 0.05 483 633 12 0 0 6 
XX 0.05 468 631 94 9 4 3 
XXI 0.05 464 405 90 4 2 3 
XXII 0.05 464 690 0 0 0 17 
XXIII 0.04 448 330 0 0 0 5 
XXIV 0.05 447 471 83 1 2 6 
XXV 0.05 456 692 0 0 0 19 
XXVI 0.04 442 340 0 0 2 6 
XXVII 0.04 442 411 0 0 1 7 
 
 
Full waveform data have been collected by Forest Mapping Management GmbH in Salzburg 
with the Riegl LMS-Q680i in March 2011 after snowmelt but prior to foliation with four-fold 
average point density of 5-20 points/m2 (Table 2). The laser pulse repetition rate was 240 kHz, 
the pulse width at half maximum reached 4 ns and the laser wavelength was 1550 nm. The 
flying altitude of 700 m resulted in a footprint size of ca.30 cm. 
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Table 2: Configurations of airborne LiDAR campaign 
 
Time of flight March 2011 
Foliage Leaf-off 
Scanner Riegl LMS-Q680i
Point density: Pts/m2 5,10,15,20 
AGL [m] 700 
Beam divergence(mrad) <= 0.5 
Scan angle 22.5° 
 
 
3.2 Calibration 
 
Unfortunately, there were no special calibration flights performed in this data acquisition 
campaign to determine the calibration of the Riegl full waveform system, where several tracks 
were flown at different flying heights along and across the airfield. Therefore, in this work the 
mean intensity Ii was calculated by the correction only with respect to the emitted intensity Ie, 
and the mean run length si for each track according to Eq. (2), assuming simply the coefficient k 
= 2 for all flights. 
 
3.3 Field data and evaluation 
 
We applied the strategy to the sample plots acquired under leaf-off condition and validate the 
results by the method of single-tree based evaluation. Reference data for all 327 trees with DBH 
larger than 15 cm were collected for 218 Norway spruces (Picea abies), 14 Scots pines (Pinus 
sylvestris), 12 Canadian poplars (Populus×Canadensis), 26 Oaks (Quercus),  2 European 
beeches (Fagus sylvatica), 22 European ashes (Fraxinus excelsior), 5 Black Alders (Alnus 
glutinosa), 27 Sycamore maples (Acer pseudoplatanus), and 1 lime tree (Tilia Europaea). Tree 
parameters including the DBH, total tree height, stem position and tree species were measured and 
determined by GPS, tachometry and the ’Vertex III hypsometer’ system. Additionally, a DTM with 
a grid size of 1 m and an absolute accuracy of 25 cm was available for the test sites.  
 
The single tree based evaluation is performed based on single-tree level by finding matched tree 
segments in the reference. The tree detection results are evaluated by comparison with reference 
data using two criterions: i) the distance of detected trees should be smaller than 60% of the 
mean tree spacing of the plot; ii) the height difference between detected and reference trees 
should be smaller than 15% of htop. If a reference tree is assigned to more than one tree position, 
the tree position with the minimum distance to the reference is selected. Detected trees that are 
liked to one tree position are so-called “true positives” and detected trees without any link to a 
tree position are treated as “false positives”. We used the measures Completeness and 
Correctness, to characterize the performance of the individual tree detection, which are defined 
in equations (4 and (5), respectively. The descriptive statistics of the field trees are summarized 
in Table 3. 
treesreference
positivestrue
Number
Number
ssCompletene      (4) 
treesdetected
positivestrue
Number
Number
sCorrectnes      (5) 
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Table 3: Field data for single tree based evaluation 
 
Time of acquisition Mar. 2011 
 Tree height(m) DBH(cm) 
Min 1.0 2.0 
Max 44.0 50.0 
Mean 21.2 22.8 
Standard deviation 8.7 10.1 
 
3.4 Results 
 
The procedures for 3D single tree detection were applied to the test plots in a batch procedure 
without any manual interaction. The experimental results describing the impact of each selected 
control parameter on the performance of tree detection are illustrated in Figures 4-7.  
Parameters that were maintained as constant values during the sensitivity analysis included the 
following: NCutThre = 0.2, _Seg MinN =16 , SizeV =0.5, _Seg MergS = 1000.  
 
 
 
Figure 4: Sensitivity analysis with respect to the parameter NCutThres, left: completeness; right: 
correctness  
 
 
Figure 5: Sensitivity analysis with respect to the parameter _Seg MinN , left: completeness; right: correctness  
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Figure 6: Sensitivity analysis with respect to the parameter SizeV , left: completeness; right: correctness  
 
 
 
 
Figure 7: Sensitivity analysis with respect to the parameter _Seg MergS , left: completeness; right: correctness  
 
4. Discussion  
 
The experimental results of the sensitivity analysis of the new 3D tree detection strategy on 
airborne LiDAR data with four-fold point density demonstrate that the threshold for normalized 
cuts segmentation NCutThres plays the most significant role in the determination of overall 
performance of 3D tree detection from airborne point clouds. 
 
The larger NCutThres values lead to more tree segments with a higher completeness but lower 
correctness (oversegmentation), since the NCutThres value defines the threshold for the evaluating 
the dissimilarity measure between sub-graphs. It can also be seen that the low point density 
dataset such as one-fold (5pts/m2) or two-fold (10pts/m2) point density data could even produce 
a descending trend upon the completeness when NCutThres value is larger than 0.4. Such low 
point density data set has reached their oversegmentation limit and will not produce any more 
new segments by using bipartition cuts. However, the performances of 3D tree segmentation for 
the data sets of four different point densities are almost identical if the NCutThres value being 
smaller than 0.25 is selected. When viewing the results of impact of variation of _Seg MinN on the 
performance of 3D tree detection, we attain the conclusion that the parameter _Seg MinN has hardly 
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distinct influence on the results if the three-fold and four-fold point density LiDAR data are 
used to segment individual trees. Only a slight increased correctness is observed. On the other 
side, for both the one-fold and two-fold point density data, the completeness of the results has 
degraded gradually with respect to the increased _Seg MinN  value while the correctness has 
increased, which is actually an undersegmentation effect. The results from the variation of the 
voxel size SizeV seems to show that there is only a slight consistent impact of SizeV on the 
performance of the 3D tree detection leading to a slightly degraded performance when 
SizeV increases, since the progress of completeness and correctness curves follow a fluctuant 
distribution around the same value. The higher point density cannot guarantee a better 
performance or stable results for tree detection if the voxel size varies. Moreover, if the voxel 
size increased to be more than 0.8m an undersegmentation happened to the one/two-fold point 
density dataset. It could be due to the reason that the large voxel size reduced the dimension of 
the adjacency graph and some small trees have been unified into one graph node. For the 
parameter of merged size _Seg MergS , the experimental results of sensitivity analysis also showed 
that it has no significant impact on the results of the algorithm. The progress of performance 
curves (Figure 7) more or less looks like stochastic fluctuation around a constant value. The 
point density of the LiDAR data also seems not to play a role at this stage. In this case, it is 
difficult to state that whether the high point density can really be helpful to improving the 
performance of tree detection algorithm, at least for the data with a point density being larger 
than 10 pts/m2. Overall, the optimal value for NCutThres can be selected as between 0.16 and 0.23 
in order to achieve the trade-off between completeness and correctness. Generally, datasets 
whose point density is larger than 10 pts/m2 can hardly contribute to a significant improvement 
to the performance of 3D tree detection. Moreover, all other control parameters except NCutThres 
are almost insensitive w.r.t. correctness and completeness if the point density is larger than 5 
pts/m2. 
 
 
5. Conclusion and outlook 
 
It is necessary to quantize the influence of uncertainty associated with various control 
parameters of the single tree detection based on normalized cuts, since the performance of the 
forest characterization is directly related to the accuracy of tree detection algorithm. The 
parameter setting of 3D normalized cuts segmentation for tree detection needs to be optimized 
towards different data properties and forest structures, such as point density, forest type and tree 
growth phase. The experimental results of this works showed that the threshold for normalized 
cut value NCutThres is the most important control parameter in the whole algorithm which is most 
sensible to the performance of tree detection and needs to be carefully adjusted. Future works 
could be focussed on the simultaneous optimization of various control parameters and the 
extension to the sensitivity analysis for tree species classification and forest parameter 
estimation. Finally, for comparison purpose we will conduct a sensitivity analysis on LiDAR 
data acquired in other forest types with different stem densities. 
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VWDUWHGDILYH\HDUSURMHFW 
 XVLQJ DLUERUQH ODVHU VFDQQLQJ IRU SURGXFWLRQ RI WKH1HZ1DWLRQDO(OHYDWLRQ0RGHO LQ
6ZHGLVK1\1DWLRQHOO+|MGPRGHOO11+IRUDOORI6ZHGHQNP7KHSULPDU\DLPRI
WKLVSURMHFWLVWRSURGXFHDPHWHUJULG'(0'LJLWDO(OHYDWLRQ0RGHOLQZKLFKWKHVWDQGDUG
HUURULVEHWWHUWKDQP$WRWDORIDERXWIRXUKXQGUHGVFDQQLQJDUHDVZLWKDVL]HRINPE\
NPDUHEHLQJVFDQQHGZLWKDQRPLQDOGHQVLW\RISRLQWSHUVTXDUHPHWHUDQGZLWKD
PD[LPXPVFDQQLQJDQJOHRIGHJUHHV3HWHUVHQDQG%XUPDQ5RVW7KHDFTXLVLWLRQLV
SULPDULO\ GRQH XVLQJ /HLFD *HRV\VWHPV $/6,, DQG $/6 VHQVRUV ZLWK 2SWHFK $/70
*HPLQLDVDFRPSOHPHQWDU\VHQVRU,QHDFKVFDQQLQJDUHDSDUDOOHOIOLJKWOLQHVZHUHIORZQ
ZLWK D QRPLQDO RYHUODS RI  LQ DGGLWLRQ DOVR WKUHH SHUSHQGLFXODU FURVVLQJ OLQHV ZKHUH
DFTXLUHG7KLVIOLJKWOLQHDUUDQJHPHQWZDVGHVLJQHGWRDOORZVWULSDGMXVWPHQWWHFKQLTXHVEDVHG
RQVHQVRUSDUDPHWHUFDOLEUDWLRQWREHXVHGIRUFUHDWLRQRIDVHDPOHVVILQDOSURGXFW7RWK
)LQDOO\PDLQDQGFURVVVWULSVZHUHPHUJHG WRJHWKHUDQGGHOLYHUHGLQEORFNVRINPE\
NP
7KH$/6GDWDDFTXLUHGIRUWKH11+SURMHFWLVDUHVRXUFHRILQWHUHVWDOVRIRUIRUHVWHVWLPDWLRQ
+RZHYHUVLQFHWKH$/6VXUYH\LVEHLQJFDUULHGRXWIRUDSXUSRVHRWKHUWKDQPHDVXULQJIRUHVW
SDUDPHWHUVWKHUHDUHDQXPEHURILVVXHVWKDWQHHGWREHFRQVLGHUHG7KHVHLQFOXGHWKHHIIHFWRI
GLIIHUHQWWLPHSRLQWVIRUWKHVFDQQLQJWKHUHODWLYHO\ODUJHYLHZDQJOHVXVHGDQGWKHSRVLWLRQDO
DFFXUDF\ IRU WKH 1), SORWV ,Q WKLV SDSHU WKH HIIHFW RI RQH RI WKHVH LVVXHV WKH YLHZ DQJOH
LQIOXHQFHRQ/L'$5IRUHVWPHWULFVZLOOEHUHSRUWHG$WWKHFRQIHUHQFHDOVRLQLWLDOUHVXOWVIURP
SUHGLFWLRQV EDVHG RQ /L'$5 GDWD DQG 6327+5* VDWHOOLWH GDWD WUDLQHGZLWK QDWLRQDO IRUHVW
LQYHQWRU\VDPSOHSORWVZLOOEHSUHVHQWHG

0HWKRG

6WXG\DUHD

7KHVWXG\ZDVFRQGXFWHGRYHUWZRVLWHVRI6ZHGHQVHH)LJXUH2QHVWXG\VLWHZDVORFDWHGLQ
WKH QRUWKHUQ SDUW RI 6ZHGHQ LQ WKH SURYLQFH RI 1RUUERWWHQ ZKHUH WKH VWXG\ DUHD LV
DSSUR[LPDWHO\NP7KHFHQWUDOSRLQWRI WKHDQDO\]HGDUHD LV ORFDWHGDW/DW1¶
/RQ(¶7KHWRSRJUDSK\UDQJHGIURPWRPDERYHVHDOHYHODVO7KHVHFRQGVLWH
ZDVVLWXDWHGLQWKHVRXWKHUQSDUWRI6ZHGHQ/DW1
/RQ(¶±PDVO
ZLWKDVXUYH\HGDUHDRIDSSUR[LPDWHO\NP7KH IRUHVWVRI WKHQRUWKHUQVLWHDUH ODUJHO\
6LOYL/DVHU6HSW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GRPLQDWHGE\FRQLIHURXV IRUHVWZKLOH WKH IRUHVWV FRYHU W\SHVYDU\PRUH LQ VRXWKHUQ6ZHGHQ
ZLWKDPDMRUSUHVHQFHRIVHYHUDOGHFLGXRXVVSHFLHVDVZHOODVFRQLIHURXV


















$LUERUQH/DVHU6FDQQLQJGDWDDFTXLVLWLRQVDQGSURFHVVLQJ
)URP WKH11+GDWDZH VHOHFWHG VL[ VFDQQLQJDUHDV IRU WKHQRUWKHUQVLWH DQG VHYHQ VFDQQLQJ
DUHDV IRU WKH VRXWKHUQ VLWH 7KH GDWD DFTXLVLWLRQ IRU WKH 1RUWKHUQ VWXG\ VLWH ZDV SHUIRUPHG
EHWZHHQ$XJXVWWKDQG6HSWHPEHUWK7KH$/6GDWDZHUHDFTXLUHGE\DQ$/6
V\VWHPIRUILYHDUHDVDQGE\DQ$/6,,V\VWHPIRUWKHUHPDLQLQJVFDQQLQJDUHD7KHVRXWKHUQ
VLWHZDVDFTXLUHGEHWZHHQ$SULOQG WR-XO\VWXVLQJ$/6,, IRU IRXUDUHDVDQG
$/6IRUWKUHHDUHDV)O\LQJKHLJKWYDULHGEHWZHHQPDQGPIOLJKWVSHHGEHWZHHQ
NPKDQGNPKDQGDSXOVHUDWHEHWZHHQDQG.+]3HWHUVHQDQG%XUPDQ5RVW

7KHFROOHFWHGGDWDZHUHSRVWSURFHVVHGE\WKHFRPSDQ\%ORP$6$SURJUHVVLYH7ULDQJXODWHG
,UUHJXODU1HWZRUN7,1GHQVLILFDWLRQPHWKRGGHYHORSHGE\$[HOVVRQDQGLPSOHPHQWHG
LQ7HUUDVFDQVRIWZDUHZDVXVHGWRFODVVLI\WKHSRLQWFORXGLQWRJURXQGZDWHUDQGDERYHJURXQG
UHWXUQV7KHODVHUKLWVILQDOO\FODVVLILHGDVJURXQGDQGZDWHUUHWXUQVZHUHXVHGE\7HUUDVFDQWR
JHQHUDWHWKH'(0VZLWKDJULGVL]HRIE\P
,QWKLVVWXG\WKH$/6SRLQWVFODVVLILHGDERYHJURXQGZHUHQRUPDOL]HGWKURXJKWKHVXEWUDFWLRQ
RI WKH ODVHU KLWV¶ KHLJKW ZLWK WKH SL[HOV¶ '(0 YDOXHV DW WKH FRUUHVSRQGLQJ ORFDWLRQV
6XEVHTXHQWO\DIL[HGKHLJKWWKUHVKROGRIPZDVDSSOLHGWRHOLPLQDWHJURXQGSXOVHVLQFRUUHFWO\
FODVVLILHG DV DERYHJURXQG DQG WR DYRLG WKH SUHVHQFH RI ERXOGHUV DQG ORZO\LQJ YHJHWDWLRQ
1LOVVRQ$GGLWLRQDOO\DQXSSHU WKUHVKROGRIPZDVDSSOLHG WRHOLPLQDWHDQ\QRLVH
IURPDERYHWKHFDQRS\
$ VTXDUH JULGZLWK FHOOV RI  [ PZDV ODLG RYHU HDFK FURVVLQJ EHWZHHQ WKHPDLQ DQG
FURVVLQJVWULSVDQGLQHDFKVTXDUHDVDPSOHSRLQWZDVUDQGRPO\LQVHUWHG7KHQIRUHDFKSRLQWD

)LJXUH)RUWKHSURGXFWLRQRIWKH
1HZ1DWLRQDO(OHYDWLRQ0RGHORI
6ZHGHQ11+WKHZKROHFRXQWU\
ZDVGLYLGHGLQDSSUR[LPDWHO\IRXU
KXQGUHGVFDQQLQJDUHDVUHFWDQJOHV
ZLWK EODFN RXWOLQH HDFK ZLWK D
VL]H RI  NP E\  NP ZLWK
VFDQQLQJ VFKHGXOH DFFRUGLQJ WR
YDULRXV SULRULWLHV $W WKH HQG RI
DWRWDORIVFDQQLQJDUHDV
ZHUH DFTXLUHG UHG UHFWDQJOHV
DQG IURP WKHVH GDWD  DUHDV
JUHHQ UHFWDQJOHV ZHUH VHOHFWHG
IRUWKLVVWXG\
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VTXDUH RI  P E\  P ZDV FUHDWHG KDYLQJ D UDQGRP RULHQWDWLRQ 6TXDUHG VDPSOHV ZHUH
LQWHUVHFWHG ZLWK WKH  WRSRJUDSKLF OLQH PDS RI 6ZHGHQ DQG RQO\ WKRVH VDPSOHV
EHORQJLQJHQWLUHO\ WRWKHIRUHVWZHUHFRQVLGHUHGIRUH[WUDFWLRQRI$/6PHWULFV7KHVHVDPSOHV
ZHUH XVHG WR VHOHFW ODVHU UHWXUQV IURP WKH SDUDOOHO IOLJKW OLQHV DQG WKH SHUSHQGLFXODU FURVVLQJ
OLQHV DQG VLQFH WKH DERYHJURXQG UHWXUQV ZHUH H[WUDFWHG IRU IRUHVWHG DUHDV WKH\ FRXOG EH
GHILQHGDV&DQRS\KHLJKW6DPSOHVZHUHUHMHFWHGLIWKHUHWXUQVKDGVFDQQLQJDQJOHVJUHDWHUWKDQ
]HUR GHJUHHV IRU WKH SHUSHQGLFXODU FURVVLQJ OLQHV DQG LI DOO UHWXUQV GLG QRW KDYH WKH VDPH
VFDQQLQJDQJOHYDOXHIRUWKHSDUDOOHOIOLJKWOLQH)XUWKHUPRUHVDPSOHVZHUHUHMHFWHGLIWKHGDWD
VXUYH\EHWZHHQSHUSHQGLFXODUFURVVLQJOLQHVDQGSDUDOOHOIOLJKWOLQHVZDVQRWFDUULHGRXWRQWKH
VDPH GD\ 7KLV ODVW FRQGLWLRQ DOORZV XV WR DVVXPH WKDW WKHUH ZHUH QR FKDQJHV LQ WKH IRUHVW
FRQGLWLRQLQVLGHWKHVDPSOHV,QRUGHUWRPLQLPL]HWKHLQIOXHQFHRI\RXQJSODQWDWLRQVRQO\SORWV
ZLWKDKHLJKWDWWKHWKSHUFHQWLOHRIPZHUHFRQVLGHUHG)LQDOO\WKHVHVHOHFWLRQVUHGXFHG
WKH QXPEHU RI VDPSOHV IRU WKH1RUWKHUQ Q    DQG6RXWKHUQ VLWH Q   ZLWK HDFK
VDPSOHIORZQWZLFHRQWKHVDPHGD\RQHWLPHDOZD\VZLWKDVFDQQLQJDQJOHRIGHJUHHVFURVV
VWULSVDQGDVHFRQGWLPHZLWKDQDEVROXWHVFDQQLQJDQJOHGHJUHHUDQJLQJIURPGHJUHHVWR
GHJUHHVPDLQVWULSVVHH)LJXUH


)LJXUH'HVLJQRIWKHVDPSOLQJVFKHPH(DFKVFDQQLQJDUHDRINPE\NPDGHULYHGIURP WKH
XQLRQRISDUDOOHOIOLJKWOLQHVPDLQVWULSVDQGWKUHHSHUSHQGLFXODUFURVVLQJOLQHVFURVVVWULSVDQG
WKHGDWDDUHGHOLYHUHGLQVTXDUHEORFNVZLWKNPWRDVLGH,QHDFKFURVVLQJEHWZHHQPDLQDQGFURVV
VWULSVDVTXDUHJULGZLWKFHOORI[PZDVRYHUODLQEFDQGLQHDFKVTXDUHDVDPSOHSRLQWZDV
UDQGRPO\LQVHUWHGUHGGRWV$VTXDUHZLWKPWRDVLGHZLWKUDQGRPRULHQWDWLRQGZDVFUHDWHGIRU
HDFKSRLQWLQRUGHUWRVDPSOHWKHODVHUUHWXUQQRWHWKDWREMHFWVLQWKH)LJXUHDUHQRWWRVFDOH

7KLUW\WZR SORWOHYHO /L'$5 PHWULFV ZHUH H[WUDFWHG IURP WKH &DQRS\ KHLJKW ERWK IRU WKH
SHUSHQGLFXODU FURVVLQJ OLQHV DQG IRU WKH SDUDOOHO IOLJKW OLQHV ZLWK D VFULSW FRGHG LQ WKH 5
ODQJXDJH5'HYHORSPHQW&RUH7HDP7KHPHWULFVZHUHVHOHFWHGDFFRUGLQJWRSUHYLRXV
VWXGLHV UHSRUWHG LQ WKH OLWHUDWXUH (YDQV HW DO +RSNLQVRQDQG&KDVPHU1 VVHW
3DUNHUDQG5XVV$OOUHWXUQVZHUHXVHGWRLQFUHDVHWKHVDPSOLQJGHQVLW\RISXOVHV
DQGPHWULFVEHORQJLQJWRILYHFDWHJRULHVZHUHH[WUDFWHG7KHFDWHJRULHVXVHGLQWKLVSDSHUZHUH
LGLVWULEXWLRQDOPHWULFVQDPHO\0HDQ PDQG0RGDO PKHLJKW6WDQGDUG'HYLDWLRQPRI
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KHLJKW 0HGLDQ $EVROXWH 'HYLDWLRQ P DQG $YHUDJH $EVROXWH 'HYLDWLRQ P RI KHLJKW
,QWHUTXDUWLOHUDQJHRIKHLJKWPDQG6NHZQHVVDQG.XUWRVLVRIKHLJKWLLKHLJKWPHWULFVLQP
QDPHO\0D[LPXPKHLJKWDQGSHUFHQWLOHRI/L'$5KHLJKWGLVWULEXWLRQWKWKWKWKWK
WKWKDQGWKSHUFHQWLOHVLLLOD\HUGHQVLW\PHWULFVLQQDPHO\&XPXODWLYH'HQVLW\DQG
6WUDWLILHG 'HQVLW\ RI DOO UHWXUQV LY VWUXFWXUDO GHVFULSWRU PHWULFV LQ QDPHO\ 8QGHUVWRU\
UDWLR 9HJHWDWLRQ UDWLR &DQRS\ 5HOLHI UDWLR DQG 3RLQW +HLJKW 'LYHUVLW\ LQGH[ DQG Y RWKHU
PHWULFV FRPSXWHG IRU WKH DLPV RI WKLV VWXG\ GHILQHG DV SRLQW GHQVLW\ PHWULFV LQ SRLQWV SHU
VTXDUHPHWHUVVXFKDVQXPEHURIDOOUHWXUQVQXPEHURIJURXQGUHWXUQVQXPEHURIDOOFDQRS\
UHWXUQV QXPEHU RI FDQRS\ UHWXUQV DERYH D JLYHQ KHLJKW RI   P DQG 8QGHUVWRU\ UHWXUQV
QXPEHURIFDQRS\SOXVHVEHWZHHQDQGP

6WDWLVWLFDO$QDO\VLV
6WDWLVWLFDO DQDO\VHVZHUH SHUIRUPHGXVLQJ IXQFWLRQV LPSOHPHQWHG LQ57R H[SORUH D SRVVLEOH
HIIHFWRIIRUHVWVWUXFWXUHDQGVHQVRUW\SHWKH$/6PHWULFVGHULYHGIURPWKH$/6DQG$/6
,, VHQVRUV ZHUH DQDO\]HG WRJHWKHU IRU HDFK VWXG\ VLWH EHFDXVH SUHYLRXV DQDO\VLV VKRZHG QR
DSSUHFLDEOHGLIIHUHQFHVLQIXQFWLRQRIWKHVHQVRUW\SHV7KH$/6PRGHOUHSUHVHQWVDQXSJUDGH
RI WKH$/6,, DQG WKH /HLFD VFDQQHUV XVHG LQ WKH QDWLRQDO VXUYH\ XVH YHU\ VLPLODU VHQVRU
WHFKQRORJ\ 9DVWDUDQWD HW DO  6KDSLUR:LON¶V WHVW RI QRUPDOLW\ IRU DOO VFDQQLQJ DQJOH
FODVVHVZDVILUVWXVHGWRWHVWIRUQRUPDOLW\LQHDFKPHWULF7KHWHVWLQGLFDWHGWKDWWKHPDMRULW\RI
WKH PHWULFV¶ YDULDEOHV YLRODWHG WKLV DVVXPSWLRQ DQG DV D UHVXOW D QRQSDUDPHWULF:LOFR[RQ
VLJQHGUDQN WHVW ZDV HPSOR\HG WR GHWHUPLQH ZKHWKHU WKH VLQJOH PHWULFV ZHUH VWDWLVWLFDOO\
VLJQLILFDQW LQVLGH HDFK VFDQQLQJ DQJOH FODVV 7KH IROORZLQJ K\SRWKHVHV ZHUH WHVWHG IRU HDFK
$/6PHWULF

+ 1R GLIIHUHQFH H[LVWV EHWZHHQ PHWULFV GHULYHG IURP D VFDQQLQJ DQJOH RI  GHJUHHV DQG
PHWULFVGHULYHGIURPDQDEVROXWHVFDQDQJOHWKDWUDQJHVIURPGHJUHHVWRGHJUHHV
+D$GLIIHUHQFHH[LWVEHWZHHQPHWULFVGHULYHGIURPDVFDQQLQJDQJOHRIGHJUHHVDQGPHWULFV
GHULYHGIURPDQDEVROXWHVFDQDQJOHWKDWUDQJHVIURPGHJUHHVWRGHJUHHV
,I WKH\ ZHUH VLJQLILFDQW S   WKHQ + ZDV UHMHFWHG DQG WKH DOWHUQDWLYH K\SRWKHVLV ZDV
DFFHSWHG$FFHSWLQJWKHDOWHUQDWLYHK\SRWKHVLVZRXOGLQGLFDWHDQLQIOXHQFHRIVFDQQLQJDQJOHRQ
WKHUHSHDWDELOLW\RI$/6PHWULFWRGHVFULEHWKHIRUHVWVWUXFWXUH
5HVXOW
5HVXOWV DUH VKRZQ LQ7DEOHV  DQG WKDWZHUH REWDLQHG XVLQJ:LOFR[RQ VLJQHGUDQN WHVW IRU
HDFKFDWHJRU\RIPHWULFV

'LVWULEXWLRQDOPHWULFV
)URPDQLQVSHFWLRQRIWKHUHVXOWVLWDSSHDUVWKDWWKHGLVWULEXWLRQDOPHWULFVZHUHJHQHUDOO\VWDEOH
S   QRW VLJQLILFDQW IRU DOO VFDQQLQJ DQJOH FRQILJXUDWLRQV WHVWHG +RZHYHU VLJQLILFDQW
GLIIHUHQFHV S   ZHUH REVHUYHG IRU DOO PHWULFV LQVLGH WKH FODVVHV ZLWKRXW DQ HYLGHQW
FRUUHODWLRQZLWKWKHVFDQQLQJDQJOHV

+HLJKWPHWULFV
7KHSORWOHYHOPD[LPXPKHLJKWDQGWKHKHLJKWSHUFHQWLOHVZHUHUHODWLYHO\VWDEOH1RQHWKHOHVV
WKHWHVWVZHUHVLJQLILFDQWO\GLIIHUHQWLQVRPHFODVVHVHVSHFLDOO\IRUWKHKHLJKWSHUFHQWLOHVIURP
WKH FODVV  WR  LQ WKH QRUWKHUQ VLWH DQG LQ WKH FODVVHV  DQG  IRU WKH
VRXWKHUQVLWH
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD

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
/D\HUGHQVLW\PHWULFV
$YLVXDOH[DPLQDWLRQRI WKHGHQVLW\PHWULFVVKRZHGWKDW WKH&XPXODWLYH'HQVLWLHVZHUHPRUH
VWDEOHLIFRPSDUHGZLWKWKH6WUDWLILHG'HQVLWLHVGXHWRWKHIDFWWKDWWKHIRUPHUUHSUHVHQWHGWKH
FXPXODWLYH QXPEHU RI SXOVHV+RZHYHU WKH VLJQLILFDQW GLIIHUHQFHV RI WKH 6WUDWLILHG'HQVLWLHV
ZHUH ORFDWHG LQ VRPH RI WKH FODVVHV ZKHUH RWKHU FDWHJRULHV RI PHWULFV ZHUH VLJQLILFDQWO\
GLIIHUHQW7KLVUHVXOWH[SODLQVLQSDUWWKHYDULDQFHZLWKLQWKHSORWDQGLVQRWDQH[SOLFLWLQIOXHQFH
RIWKHVFDQQLQJDQJOH

6WUXFWXUDOGHVFULSWRUPHWULFV
7KH UHVXOWV RI WKH:LOFR[RQ VLJQHGUDQN WHVW LQGLFDWHG WKDW IRU WKH WZR VLWHV WKH VLJQLILFDQW
GLIIHUHQFHV VKRZHG D VLPLODU WUHQG ,Q SDUWLFXODU WKH 8QGHUVWRU\ DQG 9HJHWDWLRQ UDWLR ZHUH
VWURQJO\DQGVLJQLILFDQWO\GLIIHUHQWSIRUWKHFODVV7KHLQGLFHV&DQRS\5HOLHI
UDWLRDQG3RLQW+HLJKW'LYHUVLW\ZHUHIRXQGWREHVWDEOHDPRQJWKHFODVVHVZLWKWKHH[FHSWLRQ
RIVRPHFODVVHVZKHUHWKHVLJQLILFDQWGLIIHUHQFHVHHPVWREHUHODWHGWRWKHLQWHUQDOYDULDELOLW\RI
WKHIRUHVWSORWVXVHGLQWKHDQDO\VLV

3RLQWGHQVLW\PHWULFV
7KH$/6PHWULFVEHORQJLQJWRWKLVFDWHJRU\GHVFULEHWKHGHQVLW\RIWKHODVHUUHWXUQVLQWHUFHSWHG
E\WKHYHJHWDWLRQDQGE\WKHJURXQG7KHVHPHWULFVZHUHVWDEOHRQO\IURPFODVVWR
ZKHUHDV DIWHU WKHVH FODVVHV WKHPHWULFVZHUH VWURQJO\ DQG VLJQLILFDQWO\ GLIIHUHQW S  
+RZHYHU WKH JURXQG UHWXUQV VKRZHG D JUHDWHU VWDELOLW\ DPRQJ WKH FODVVHV SRWHQWLDOO\
H[SODLQLQJ WKH VLJQLILFDQW GLIIHUHQFH DQG WKH VLPLODU WUHQG REVHUYHG IRU WKH 8QGHUVWRU\ DQG
9HJHWDWLRQUDWLRV


'LVFXVVLRQ
7KH UHVXOWV IRU ERWK VLWHV VKRZHG D VFDQQLQJ DQJOH LQIOXHQFH RQ WKHPHWULFV EHORQJLQJ WR WKH
³3RLQW GHQVLW\ PHWULFV´ FDWHJRU\ DQG RQ WKH 8QGHUVWRU\ DQG 9HJHWDWLRQ UDWLRV ZKLOH WKH
UHPDLQLQJFDWHJRULHV KDG VLJQLILFDQW GLIIHUHQFHV IRU VRPHGLVWLQFW FODVVHV LQ WKH1RUWKHUQ DQG
6RXWKHUQVLWHV

7KH YDULDWLRQV LQ WKH8QGHUVWRU\ DQG9HJHWDWLRQ UDWLRVPD\ EH LQKHUHQW WR WKH GLIIHUHQFHV LQ
SRLQWGHQVLWLHVEHWZHHQVFDQQLQJDQJOHVRIGHJUHHVDQGGHJUHHVEHFDXVHDOO3RLQWGHQVLW\
PHWULFVDUHDIIHFWHGE\WKHPHDQLQFUHPHQWRIWKHVDPSOLQJGHQVLW\ZKHUHDVJURXQGUHWXUQVDUH
DIIHFWHGRQO\WRDPLQRUGHJUHHZLWKUHVSHFWWRPHWULFVUHODWHGWRYHJHWDWLRQ7KHUHODWLYHORZHU
LQFUHPHQW LQ JURXQG SRLQW GHQVLW\ H[SODLQV WKH YDULDWLRQ RI WKH 8QGHUVWRU\ DQG 9HJHWDWLRQ
UDWLRV7KHUHDVRQEHKLQG WKLV ORZHU LQFUHPHQW LQJURXQGSRLQWGHQVLW\ LVXQFOHDUDQGPD\EH
LQKHUHQW WR WKH IOLJKW V\VWHP VHWWLQJ DQG VHQVRU W\SH LH$/6,, DQG$/6 DUH XVHG IRU
FRUULGRUPDSSLQJ$/6DSSOLFDWLRQVZKLFKDUHRSWLPL]HGIRUJURXQGSRLQWGHWHFWLRQLQRUGHUWR
PDSWKHJURXQGHOHYDWLRQZLWKKLJKDFFXUDF\RYHUODUJHDUHDV

7KHGLIIHUHQFHLQSRLQWGHQVLWLHVIURPQDGLUWRODUJHVFDQQLQJDQJOHVLVUHODWHGWRWKHVLQXVRLGDO
VFDQQLQJ SDWWHUQ RI WKH VHQVRU V\VWHPV XVHG LQ WKH 1HZ 1DWLRQZLGH (OHYDWLRQ 0RGHO RI
6ZHGHQ8VLQJ VLQXVRLGDOGLVWULEXWLRQ WKHGLVWDQFHEHWZHHQHDFKSRLQWQHDUQDGLUDQGRQ WKH
HGJH RI WKH VZDWK DUH GLIIHUHQW %DOWVDYLDV  ZLWK D FRQVHTXHQW PRGLILFDWLRQ RI WKH
VDPSOLQJGHQVLW\RIWKHODVHUUHWXUQVIRUGLIIHUHQWVFDQQLQJDQJOHV

0DQ\RIWKHREVHUYDWLRQVWKDWKDYHEHHQPDGHLQWKLVLQYHVWLJDWLRQUHTXLUHIXUWKHUWHVWLQJDQG
VHQVLWLYLW\DQDO\VLVFRQVLGHULQJWKHIRUHVWFDQRS\VWUXFWXUHDQGVSHFLHVFRPSRVLWLRQDVZHOODV
WKH SURSHUWLHV RI ODVHU SXOVHV DQG VFDQQLQJ SDWWHUQV +RZHYHU FDUH PXVW EH WDNHQ ZKHQ
SHUIRUPLQJIRUHVWFKDQJHGHWHFWLRQXVLQJ$/6GHULYHGYHJHWDWLRQPHWULFVUHODWHGZLWKWKHSRLQW
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD

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GHQVLW\RIUHWXUQVVXFKDVWKH8QGHUVWRU\DQG9HJHWDWLRQUDWLRV7KHGLIIHUHQFHLQPDJQLWXGHRI
IRUHVWFKDQJHVPD\EHFRQIXVHGZLWKDSSDUHQWGLIIHUHQFHVDWFRLQFLGHQWVXUYH\WLPHVGXHWRRII
QDGLUVFDQQLQJDQJOHHIIHFWV

7KHKHLJKWSHUFHQWLOHVZHUHQRWJUHDWO\DIIHFWHGE\WKHVFDQDQJOHZKLFKLVLQDFFRUGDQFHZLWK
WKHILQGLQJVRI+ROPJUHQHWDO)RUWKH6RXWKHUQVLWH WKH ORZHUSHUFHQWLOHVZHUHPRUH
DIIHFWHG FRPSDUHG ZLWK WKH KLJKHU SHUFHQWLOHV )RU WKH 1RUWKHUQ VLWH KLJK DQG ORZ KHLJKW
SHUFHQWLOHV ZHUH DIIHFWHG WR DERXW WKH VDPH GHJUHH )RU ERWK WHVW VLWHV WKH PLGGOH KHLJKW
SHUFHQWLOHVZHUHOHDVWDIIHFWHG

$VPHQWLRQHGHDUOLHUWKH9HJHWDWLRQUDWLRZDVDIIHFWHGPRVWE\WKHVFDQDQJOHHIIHFWIRUERWK
WHVWVLWHV+RZHYHU&XPXODWLYH'HQVLW\ZDVQRWDIIHFWHGDVPXFK7KXVVRPHRIWKHHUURUVIRU
ELRPDVVRUYROXPHHVWLPDWHVREWDLQHGLQHDUOLHUVWXGLHVFRXOGEHFDXVHGE\WKHLQFOXVLRQRIWKH
9HJHWDWLRQUDWLR7KXVDQRWKHUVROXWLRQWRUHGXFHWKHVFDQDQJOHHIIHFWPLJKWEHWRLPSURYHWKH
VHOHFWLRQRIYDULDEOHVFRQVLGHULQJWKHVFDQDQJOHHIIHFW

5HIHUHQFHV
$[HOVVRQ 3  '(0 JHQHUDWLRQ IURP ODVHU VFDQQHU GDWD XVLQJ DGDSWLYH 7,1 PRGHOV
,QWHUQDWLRQDO$UFKLYHVRI3KRWRJUDPPHWU\DQG5HPRWH6HQVLQJSS
(YDQV-6+XGDN$7)DX[5DQG6PLWK$0'LVFUHWH5HWXUQ/LGDULQ1DWXUDO
5HVRXUFHV 5HFRPPHQGDWLRQV IRU 3URMHFW 3ODQQLQJ'DWD 3URFHVVLQJ DQG 'HOLYHUDEOHV
5HPRWH6HQVLQJ
+ROPJUHQ-1LOVVRQ0DQG2OVVRQ+6LPXODWLQJWKHHIIHFWVRIOLGDUVFDQQLQJDQJOH
IRU HVWLPDWLRQ RI PHDQ WUHH KHLJKW DQG FDQRS\ FORVXUH &DQDGLDQ -RXUQDO RI 5HPRWH
6HQVLQJ
+RSNLQVRQ & DQG &KDVPHU /  7HVWLQJ /L'$5 PRGHOV RI IUDFWLRQDO FRYHU DFURVV
PXOWLSOHIRUHVWHFR]RQHV5HPRWH6HQVLQJRI(QYLURQPHQW±
1 VVHW (  3UHGLFWLQJ IRUHVW VWDQG FKDUDFWHULVWLFVZLWK DLUERUQH VFDQQLQJ ODVHU XVLQJ D
SUDFWLFDOWZRVWDJHSURFHGXUHDQGILHOGGDWD5HPRWH6HQVLQJRI(QYLURQPHQW
1LOVVRQ0(VWLPDWLRQRIWUHHKHLJKWVDQGVWDQGYROXPHXVLQJDQDLUERUQHOLGDUV\VWHP
5HPRWH6HQVLQJRI(QYLURQPHQW
3DUNHU**DQG5XVV(07KHFDQRS\VXUIDFHDQGVWDQGGHYHORSPHQWDVVHVVLQJIRUHVW
FDQRS\ VWUXFWXUH DQG FRPSOH[LW\ ZLWK QHDUVXUIDFH DOWLPHWU\ )RUHVW (FRORJ\ DQG
0DQDJHPHQW
3HWHUVHQ<0DQG%XUPDQ5RVW+6ZHGLVK/LGDU3URMHFW1HZ1DWLRQZLGH(OHYDWLRQ
0RGHO*,0,QWHUQDWLRQDO
5'HYHORSPHQW&RUH7HDP 5$ ODQJXDJH DQG HQYLURQPHQW IRU VWDWLVWLFDO FRPSXWLQJ
9LHQQD $XVWULD 5 )RXQGDWLRQ IRU 6WDWLVWLFDO &RPSXWLQJ $FFHVV KWWSZZZ5
SURMHFWRUJ
7RWK & .  6WULS $GMXVWPHQW DQG 5HJLVWUDWLRQ ,Q - 6KDQ DQG &. 7RWK (GV
7RSRJUDSKLF /DVHU 5DQJLQJ DQG 6FDQQLQJ ± 3ULQFLSOHV DQG 3URFHVVLQJ &5& 3UHVV
7D\ORU	)UDQFLV*URXS
9DVWDUDQWD0,.RUSHOD,8RWLOD$+RYL$DQG+RORSDLQHQ0$UHDEDVHGVQRZ
GDPDJHFODVVLILFDWLRQRIIRUHVWFDQRSLHVXVLQJELWHPSRUDOOLGDUGDWD,Q''/LFKWLDQG
$)+DELE(GV,6356:RUNVKRS/DVHU6FDQQLQJ9ROXPH;;;9,,,:&DOJDU\
&DQDGD


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7DEOH3ORWOHYHO:LOFR[RQVLJQHGUDQNWHVWIRUWKH1RUWKHUQ6LWH
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
WR 6FDQQLQJ$QJOHFODVVHVDQJOHVH[SUHVVHGLQGHJUHHVDQGLQDEVROXWHYDOXH
         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8QGHUVWRU\UHWXUQV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FDQRS\UHWXUQVP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0HDQKHLJKWP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    
0RGDOP                     
6WDQGDUG'HYLDWLRQRIKHLJKWP                     
0HGLDQ$EVROXWH'HYLDWLRQP                     
$YHUDJH$EVROXWH'HYLDWLRQP                     
,QWHUTXDUWLOH5DQJHP                     
6NHZQHVV                     
.XUWRVLV                     
WKSHUFHQWLOH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WKSHUFHQWLOHP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    
WKSHUFHQWLOHP                     
WKSHUFHQWLOHP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        
WKSHUFHQWLOHP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WKSHUFHQWLOHP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  
WKSHUFHQWLOHP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  
WKSHUFHQWLOHP                     
0D[LPXPKHLJKWP                     
&XPXODWLYH'HQVLW\RIOD\HU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6WUDWLILHG'HQVLW\RIOD\HU           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    
6WUDWLILHG'HQVLW\RIOD\HU   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              
6WUDWLILHG'HQVLW\RIOD\HU                     
8QGHUVWRU\UDWLR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 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A voxel-based simulator of lidar point clouds for improving forest 
attributes extraction methods 
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Abstract 
 
7ZRPDMRUW\SHVRIDSSURDFKHVIRUSUHGLFWLQJIRUHVWDWWULEXWHVIURPUHPRWHVHQVLQJGDWDFDQEH
VFKHPDWLFDOO\GLVWLQJXLVKHGSORWRUVWDQGDUHDEDVHGDSSURDFKHVDQGLQGLYLGXDOWUHHDSSURDFKHV
%RWKQHHGFDOLEUDWLRQDQGYHULILFDWLRQGDWDIRUWKHLUGHYHORSPHQWDQGDSSOLFDWLRQ7KLVUHTXLUHV
H[SHQVLYHILHOGVDPSOLQJRIDODUJHQXPEHURISORWVWRREWDLQHVWLPDWHVRIIRUHVWDWWULEXWHVZLWK
VXIILFLHQWDFFXUDF\DQGUHSUHVHQWDWLYHQHVV:KDWLVPRUHWKHVHPRGHOVPXVWEHUHFDOLEUDWHGIRU
HYHU\QHZDLUERUQHVXUYH\GXHWRWKHYDULDWLRQLQOLGDUSRLQWGHQVLW\

7RDGGUHVVWKHVHSUREOHPVDQGWRIDFLOLWDWHWKHLPSURYHPHQWRIFXUUHQWPHWKRGVZHGHVLJQHGD
VLPSOH VLPXODWRU RI OLGDU SRLQW FORXGV 7KLV HQDEOHV XV WR FUHDWH FRQWUROOHG H[SHULPHQWDO
FRQGLWLRQVLQZKLFKWUHHDQGVWDQGDWWULEXWHVDVZHOODVWKHYLUWXDOIOLJKWSDUDPHWHUVRIWKHOLGDU
DUHPRGHOOHG7KHVLPXODWRUFRQVLVWVRIWZRPRGXOHVDYR[HOEDVHGIRUHVWPRGXOHDQGDSXOVH
JHQHUDWRUPRGXOH7KHIRUHVWPRGXOHJHQHUDWHVDYR[HOUHSUHVHQWDWLRQRIWUHHVZKRVHDWWULEXWHV
DUHGHILQHGE\VSHFLHVVSHFLILFDOORPHWULFUHODWLRQVKLSVWUHHKHLJKWFURZQVKDSHFURZQOHQJWK
FURZQZLGWKDQGSODQWDUHDLQGH[7KHQXPEHUORFDWLRQDQGDWWULEXWHVRIYR[HOL]HGWUHHVFDQEH
UHDGIURPH[LVWLQJILHOGUHFRUGVRUDXWRPDWLFDOO\JHQHUDWHGLQRUGHUWRUHSURGXFHFHUWDLQVWDQG
OHYHODWWULEXWHVQXPEHURIWUHHVSHUKHFWDUHSHUFHQWDJHRIVSHFLHVDQGGLDPHWHUFODVV7KHWUHH
FURZQ YR[HOV SRVVHVV D YDOXH UHSUHVHQWLQJ WKH SUREDELOLW\ LW PD\ UHIOHFW D SXOVH 7KH SXOVH
JHQHUDWRUPRGXOHVLPXODWHVWKHWUDMHFWRU\DQGVSHHGRIWKHDLUFUDIWWKHSXOVHUHSHWLWLRQUDWHDQG
WKH VFDQ IUHTXHQF\ 3XOVHV DUH SURSDJDWHG WKURXJK WKH VWDQG FDQRS\ DQG WKHQ UHWXUQV DUH
JHQHUDWHG

7KH GHYHORSPHQW DQG DSSOLFDWLRQ RI WKH VLPXODWRU LV EHLQJ FDUULHG RXW LQ WKUHH VWHSV 
YDOLGDWLRQRI WKH VLPXODWRUZLWK WKH UHDOZRUOGGDWD  DSSOLFDWLRQRI WKH VLPXODWRU WR FUHDWH
VHWVRISRLQWFORXGVWKURXJKZKLFKWKHIRUHVWSDUDPHWHUVDQGOLGDUSDUDPHWHUVFDQEHFKDQJHG
DQG  HYDOXDWLRQ DQG LPSURYHPHQW RI WKH VWDQG DQG LQGLYLGXDO WUHH DWWULEXWHV H[WUDFWLRQ
PHWKRGV7KLVSUHVHQWDWLRQIRFXVHVRQWKHUHVXOWVRIWKHILUVWWZRVWHSV

)RU YDOLGDWLQJ WKH VLPXODWRU EDVHG RQ UHDO SORWV DQG OLGDU GDWD ZH UHSURGXFHG WKH WUHHV
SUHYLRXVO\ PHDVXUHG DQG JHRORFDWHG LQ  SORWV RI  P DQG ZH WKHQ JHQHUDWHG UHWXUQV
EDVHGRQWKHUHFRUGHGDLUFUDIWWUDMHFWRU\*36WLPHZDVXVHGWRDVVRFLDWHWKHORFDWLRQRIWKHWUXH
ILUVWUHWXUQRIHDFKSXOVHZLWKWKHFRUUHVSRQGLQJVHQVRUSRVLWLRQ7KHQWKHHTXDWLRQRIWKHODVHU
UD\ZDVREWDLQHGDQGXVHG WRSURSDJDWH WKHYLUWXDOSXOVHWKURXJKWKHYR[HOFDQRS\6WDWLVWLFDO
FRPSDULVRQ TXDQWLOHTXDQWLOH DQG YHUWLFDO SRLQW FRXQW SURILOH EHWZHHQ UHVXOWLQJ VLPXODWHG
SRLQWFORXGVDQGWKRVHRIWKHDFWXDOIOLJKWDOORZHGXVWRYDOLGDWHWKHVLPXODWRU

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$VDILUVWH[SHULPHQWZHVKRZKRZWUHHGHQVLW\ZKHQKHLJKWGLVWULEXWLRQDQGRWKHUSDUDPHWHUV
DUH KHOG FRQVWDQW LV UHIOHFWHG LQ WKH SRLQW FORXGV DQG YDULRXV FODVVLFDO DUHDEDVHG PHWULFV
SHUFHQWLOHV HWF 7KLV SURYLGHV LQVLJKW RQ WKH SHUIRUPDQFH RI FXUUHQW DWWULEXWHV H[WUDFWLRQ
PHWKRGV  DQGJXLGDQFHIRUWKHLULPSURYHPHQW


1. Introduction 

7ZRPDMRUW\SHVRIDSSURDFKHVIRUSUHGLFWLQJIRUHVWDWWULEXWHVIURPUHPRWHVHQVLQJGDWDFDQEH
VFKHPDWLFDOO\ GLVWLQJXLVKHG SORW RU VWDQG DUHDEDVHG DSSURDFKHV 1 VVHW  0DOWDPR
0DOLQHQ et al.  DQG LQGLYLGXDO WUHH DSSURDFKHV 0RUVGRUI0HLHU et al.  3RSHVFX
<X+\\SSl et al.,QWKHIRUPHUHTXDWLRQVDUHGHYHORSHGWRSUHGLFWIRUHVWDWWULEXWHV
DWVWDQGOHYHOIURPYDULDEOHVFKDUDFWHULVLQJGLVWULEXWLRQRIKHLJKWRIOLGDUSRLQWV)RUWKHODWWHU
HTXDWLRQVDUH IRUPXODWHG IRUSUHGLFWLRQVRIFKDUDFWHULVWLFVRI LQGLYLGXDO WUHHVDIWHUDSUHYLRXV
VHJPHQWDWLRQ RI OLGDU SRLQWV FORXG %RWK QHHG FDOLEUDWLRQ DQG YHULILFDWLRQ GDWD IRU WKHLU
GHYHORSPHQWDQGDSSOLFDWLRQ7KLVUHTXLUHVH[SHQVLYHILHOGVDPSOLQJRIDODUJHQXPEHURISORWV
WRREWDLQHVWLPDWHVRIIRUHVWDWWULEXWHVZLWKVXIILFLHQWDFFXUDF\DQGUHSUHVHQWDWLYHQHVV:KDWLV
PRUHWKHVHPRGHOVPXVWEHUHFDOLEUDWHGIRUHYHU\QHZDLUERUQHVXUYH\GXHWRWKHYDULDWLRQLQ
OLGDUSRLQWGHQVLW\IOLJKWSDWWHUQHWF

7KH VLPXODWLRQ RI OLGDU VXUYH\V RYHU IRUHVW VWDQGV LV DQ HPHUJLQJ DSSURDFK IRU WHVWLQJ WKH
DGHTXDF\RIWKHVFDQSDUDPHWHUVRUWKHDFFXUDF\RIWKHDQDO\VHGPHWKRGV:HGHVLJQHGDVLPSOH
VLPXODWRU RI OLGDU SRLQW FORXGV LQ RUGHU WR IDFLOLWDWH WKH LPSURYHPHQW RI FXUUHQWPHWKRGV IRU
DQDO\VLQJOLGDUGDWD7KLVHQDEOHVXVWRFUHDWHFRQWUROOHGH[SHULPHQWDOFRQGLWLRQVLQZKLFKWUHH
DQGVWDQGDWWULEXWHVDVZHOODVWKHYLUWXDOIOLJKWSDUDPHWHUVRIWKHOLGDUDUHPRGHOHG3URYLGHG
WKHVLPXODWLRQVDUHVXIILFLHQWO\UHDOLVWLFWKHVLPXODWRUFRXOGEHXVHGWRJHQHUDWHVHULHVRISRLQWV
FORXGVIRUYDULRXVLQGLYLGXDOYLUWXDOSORWVDFFRUGLQJWRWKHOLGDUDFTXLVLWLRQVSHFLILFDWLRQVRID
UHDOVXUYH\&DOLEUDWLRQRIDUHDEDVHGUHJUHVVLRQVIRUH[WUDFWLQJIRUHVWDWWULEXWHVIRUWKLVVXUYH\
FRXOGWKHQEHEDVHGRQWKHVHDUWLILFLDOSRLQWVFORXGVLQVWHDGRIWKHQRZFODVVLFDOILHOGSORWEDVHG
DSSURDFK

7KHPDLQGLIIHUHQFHEHWZHHQH[LVWLQJPRGHOV LV WKH WUHH UHSUHVHQWDWLRQPHWKRG LH UDVWHURU
YHFWRU EDVHG 7KH UDVWHUPRGHOV DUH OHVV H[SHQVLYH LQPHPRU\ DQG FDOFXODWLRQ WLPH DQG DUH
PDLQO\XVHGWRREWDLQVWDWLVWLFDOO\VLPLODUSRLQWFORXGDVWKHDLUERUQHODVHUVFDQQLQJ$/6XVLQJ
JHRPHWULFVKDSHVRIFURZQLQRUGHUWRWHVWGLIIHUHQWDQDO\WLFDOPHWKRGV7KHVLPSOHVWUDVWHUWUHH
FURZQPRGHOV XVH SODLQ JHRPHWULF YROXPHVZLWKRXW ODVHU EHDP FURZQ SHQHWUDWLRQ (Sun and 
Ranson 2000; Lovell, Jupp et al. 2005; Frazer, Magnussen et al. 2011) 0RGHOV WKDW
VLPXODWH WKH ODVHU EHDP SHQHWUDWLRQ WKURXJK WKH FURZQ DVVLJQ D GHQVLW\ YDOXH WR HDFK YR[HO
IROORZLQJ D FHUWDLQ SUREDELOLW\ RU FOXPSLQJ GHJUHH DQG SURYLGH DQ DOJRULWKP IRU ODVHU
SURSDJDWLRQ *RRGZLQ&RRSV et al. The vector representation of trees XVHV D YHU\
GHWDLOHG WUHHPRGHOVDQGHPSOR\VUD\ WUDFLQJPHWKRGV LQRUGHU WR WHVW WKH LQWHUDFWLRQEHWZHHQ
ODVHUUD\DQGWKHFDQRS\'LVQH\.DORJLURX et al.
:H FKRRVH D UDVWHUEDVHG DSSURDFK WR VLPXODWH WUHH FURZQ DQG D UD\ FDVWLQJ DOJRULWKP WR
FDOFXODWHWKHSHQHWUDWLRQRI ODVHUEHDPWKURXJKWKHFURZQ$VZHZLOOJHQHUDWHG WKRXVDQGVRI
VLPXODWLRQVDWSORWOHYHOWKHFRPSXWDWLRQVPXVWEHYHU\IDVWKHQFHZHKDYHPDGHFRPSURPLVHV
EHWZHHQ UHDOLVPDQGHIILFLHQF\:HDOVR LQWURGXFHDPHWKRG IRU WKHYDOLGDWLRQRISRLQW FORXG
VLPXODWLRQVEDVHGRQWKHUHDOOLGDUUD\WUDMHFWRU\LQRUGHUWROLPLWWKHXQFHUWDLQW\VRXUFHVZKHQ
ZHFRPSDUHGVLPXODWHGDQGUHDOSRLQWFORXGV


2. Methods  
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2.1 Simulation principles 
 
7KHVLPXODWRUFRQVLVWVRIWZRPRGXOHVRQHWKDWFUHDWHV'PRGHOVRISORWVDWWKHLQGLYLGXDOWUHH
OHYHODQGDQRWKHUIRUDLUERUQHODVHUSXOVHJHQHUDWLRQ7KHVLPXODWRUJHQHUDWHV'VFHQHVXVLQJ
FPYR[HOVDWWKHSORWVFDOHPLQWKHSUHVHQWVWXG\7KHIRUHVWPRGXOHJHQHUDWHVDYR[HO
UHSUHVHQWDWLRQRIWUHHVZKRVHDWWULEXWHVDUHGHILQHGE\VSHFLHVVSHFLILFDOORPHWULFUHODWLRQVKLSV
WUHH KHLJKW FURZQ OHQJWK DQG FURZQZLGWK UHODWHG WR GLDPHWHU DW EUHDVW KHLJKW '%+ 7KH
FURZQ VKDSH LV JHQHUDWHG XVLQJ D JHQHUDO DQG YHUVDWLOH HTXDWLRQ VXJJHVWHG E\ +RUQ 
ZKLFKSURGXFHVGLIIHUHQWVKDSHVWKDWFDQPLPLFWKHHQYHORSHRIKDUGZRRGRUVRIWZRRGFURZQV

xa +(by)a=ca      

ZKHUHxLVFURZQUDGLXVyLVWKHUHODWLYHKHLJKWRIWKHYR[HOWRWKHFURZQEDVHKHLJKWaLVWKH
VKDSHSDUDPHWHUbLVWKHKHLJKWWRZLGWKUDWLRDQGcLVWKHDEVROXWHVL]H

7KHWUHHFURZQYR[HOVDUHJLYHQDYDOXHUHSUHVHQWLQJUHIOHFWDQFHRZLWKWUDQVPLWWDQFH
 R,QWKHFXUUHQWYHUVLRQRIWKHVLPXODWRUIROLDJHYR[HOVDUHUDQGRPO\DWWULEXWHGDRYDOXH
EHWZHHQDQGZLWKQRUPDOGLVWULEXWLRQDQGWUHHWUXQNYR[HOVDRYDOXHRIWKXVDFKLHYLQJ
]HUR WUDQVPLWWDQFH 7KH JURXQG OD\HU LV SRSXODWHG ZLWK YR[HOV ZLWK D R YDOXH RI  DQG
DWPRVSKHULFYRLGYR[HOVKDYHD]HURYDOXHRIR$SXOVHKDYLQJDQLQLWLDO LQWHQVLW\ I DERYH
FDQRS\LVSURSDJDWHGWKURXJKWKHYR[HOV5HWXUQVDUHJHQHUDWHGLIRIH[FHHGVDQH[SHULPHQWDOO\
GHWHUPLQHGWKUHVKROGILVDWWHQXDWHGE\R WZLFHLQFLGHQWDQGUHIOHFWHGSDWKV3XOVHVWUDYHO
DORQJVWUDLJKWOLQHVDQGKDYHDEHDPGLDPHWHURI]HURRILVFDOFXODWHGIRUDOOLQWHUVHFWHGYR[HOV
RYHUDOO WKHWUDYHO OHQJWK LQZKLFK WKHSXOVH LVQRWFRPSOHWHO\DWWHQXDWHGRUEORFNHGE\D WUHH
WUXQNRUWKHJURXQG7KHVSDWLDOGLVWULEXWLRQRIRYDOXHVZLWKLQFURZQVGRHVQRWYDU\EHWZHHQ
VSHFLHVDQGGRHVQRWPRGHOFOXPSLQJRUVSHFLILFGLVWULEXWLRQRIOHDIGHQVLW\0RUHRYHUPXOWLSOH
VFDWWHULQJ ZDV QRW PRGHOOHG R YDOXHV LQ YR[HOV RFFXSLHG E\ WZR RYHUODSSLQJ FURZQV
FRUUHVSRQGWRWKHPD[LPXPEHWZHHQ WKHRYDOXHVRI WKHUHVSHFWLYHRYHUODSSLQJYR[HOVRIWKH
GLIIHUHQWFURZQV LQYROYHG5HWXUQHG LQWHQVLW\ZDVVDPSOHGHYHU\FPDORQJ WKHSDWKRI WKH
UD\

9LUWXDO SORWV DUH JHQHUDWHG E\ SODQWLQJ 'PRGHO WUHHV ILOOHGZLWK YR[HOV RQ IODW JURXQG IRU
VLPXODWHG UXQV RU RQ D WUXH $/6 GLJLWDO WHUUDLQPRGHO '70 LQ WKH FDVH RI YDOLGDWLRQ VHH
IROORZLQJ VHFWLRQ 7KH QXPEHU ORFDWLRQ DQG DWWULEXWHV RI YR[HOL]HG WUHHV FDQ EH UHDG IURP
H[LVWLQJILHOGUHFRUGV WRUHSURGXFHUHDOVLWXDWLRQVRUDXWRPDWLFDOO\JHQHUDWHG LQRUGHU WR DWWDLQ
FHUWDLQ SORW OHYHO DWWULEXWHV HJ QXPEHU RI WUHHV SHU KHFWDUH SHUFHQWDJHV RI JLYHQ VSHFLHV
GLDPHWHU GLVWULEXWLRQ HWF 7UHH VL]H DQG VKDSH DUH GHWHUPLQHG EDVHG RQ GLDPHWHU DW EUHDVW
KHLJKW '%+ DQG VSHFLHV XVLQJ DOORPHWULF PRGHOV 'LDPHWHU GLVWULEXWLRQV FDQ EH PDGH WR
IROORZDXQLIRUPRU:HLEXOOGLVWULEXWLRQRIDJLYHQDPRGH

7KH SXOVH JHQHUDWRU PRGXOH VLPXODWHV WKH WUDMHFWRU\ DQG VSHHG RI WKH DLUFUDIW WKH SXOVH
UHSHWLWLRQUDWHWKH]LJ]DJVFDQIUHTXHQF\DQGWKHPD[LPXPVFDQDQJOH,WFDQUHSOLFDWHDUHDO
DLUFUDIWSDWKE\UHDGLQJWKHWUDMHFWRU\ILOHRIDFRPSOHWHGVXUYH\.trjILOHLQWKHFDVHRI2SWHFK
OLGDUV RU IROORZVWUDLJKW DQGSDUDOOHO VLPXODWHG IOLJKW OLQHVRIJLYHQDOWLWXGH DQGXY SRVLWLRQ
KDYLQJDUHJXODUVSDFLQJ3ORWVFDQUHFHLYHSXOVHVIURPGLIIHUHQWIOLJKWOLQHV 

%RWKVLPXODWLRQPRGXOHVZHUHGHYHORSHGLQ&DQGUXQRQDVWDQGDUG3&PDFKLQH ,WVKRXOG
EH UHPHEHUHG WKDW RXU PRGHOOLQJ DSSURDFK LV D FRPSURPLVH EHWZHHQ VSHHG DQG UHDOLVP DV
WKRXVDQGV RI VLPXODWLRQV RI SORWVZLOO EH SURGXFHG DW D P YR[HO UHVROXWLRQ ZLWK D KLJK
GHQVLW\RILQFLGHQWSXOVHV)RUWKLVUHDVRQWKHPRGHOOLQJDSSURDFKGRHVQRWFRQVLGHUDOOSRVVLEOH
SK\VLFDOSKHQRPHQDRIWKHFDQRS\

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2.2 Validation of the simulator 
 
7KHJRDORIWKHYDOLGDWLRQLVWRYHULI\WKDWWKHV\QWKHVL]HGSRLQWFORXGVDUHVXIILFLHQWO\UHDOLVWLF
WR EH XVHG WR JXLGH WKH LPSURYHPHQW RI LQIRUPDWLRQ H[WUDFWLRQ PHWKRGV ,W LV QRW DLPHG DW
SURYLQJWKDWWKHSK\VLFDOSURFHVVHVLQYROYHGDUHSUHFLVHO\PRGHOOHG)RUWKLVUHDVRQYDOLGDWLRQ
LVSHUIRUPHGDWDJHQHUDOOHYHO9DOLGDWLRQFRQVLVWVLQXVLQJWKHVLPXODWRUWRUHSURGXFHUHDOSRLQW
FORXGV UHVXOWLQJ IURP DQ $/6 FDUULHG RXW LQ  RYHU PL[HG VWDQGV RI D WHVW DUHD 7KH
VLPXODWHGSRLQWVFORXGVDUHSURGXFHGEDVHGRQWKHDLUFUDIWWUDMHFWRU\ILOHVDQGWKHH[DFWORFDWLRQ
DQGVL]HRIILHOGPHDVXUHGWUHHV 

7KHWHVWDUHDLVVLWXDWHGLQWKH0DWDQHUHVHUYH⁰
:⁰
1LQWKHSURYLQFHRI4XHEHF
&DQDGD 7KH SUHGRPLQDQW VSHFLHV DUH EDOVDP ILU Abies balsamea SDSHU ELUFK Betula 
papyrifera \HOORZ ELUFK Betula alleghaniensis WUHPEOLQJ DVSHQ Populus tremuloides
HDVWHUQ KHPORFN Tsuga canadensis HDVWHUQ ZKLWHFHGDU Thuja occidentalis ZKLWH VSUXFH
Picea glaucaUHGPDSOHAcer rubrumDQGSLQFKHUU\Prunus pensylvanicaVDPSOHSORWV
RIPZHUH FKRVHQ WR VDPSOH VLWXDWLRQV VKRZLQJDYDULHW\RI VSHFLHV DJHVGHQVLWLHV DQG
IRUHVWVWUXFWXUH

6WDQGDUGGHQGURPHWULFPHDVXUHPHQWVZHUHPDGHin situFRPSULVLQJVSHFLHVLGHQWLILFDWLRQDQG
'%+ PHDVXUHPHQW IRU DOO WUHHV LQ WKH SORW '%+ DERYH  FP )LQHU PHDVXUHPHQWV ZHUH
SHUIRUPHGIRUWKHILYHELJJHVWWUHHVLQHDFKSORWWUHHKHLJKWEDVHKHLJKWFURZQGLDPHWHUDQG
ORFDWLRQ5HODWLYHSRVLWLRQIURPWKHFHQWHURIWKHSORWFRPSDVVDQGYHUWH[ZDVPHDVXUHGIRU
DOO WUHHV DERYH  FPRI'%+ LQ  SORWV 3ORWV ORFDWLRQZDVPHDVXUHG E\*36 7ULPEOH DQG
DEVROXWHORFDWLRQRIWUHHVZDVWKHQFDOFXODWHGZLWKDQH[SHFWHGHUURURIDSSUR[LPDWHO\P,Q
DGGLWLRQWHUUHVWULDO OLGDU=)IRUWKHSORWVGDWDZHUHFROOHFWHGLQ0D\LQOHDI
RIIFRQGLWLRQVIRUKDUGZRRGWUHHV)RXURUILYHVFDQVSHUSORWZHUHUHJLVWHUHGGHSHQGLQJRQWUHH
GHQVLW\ 7KH VFDQV ZHUH DOLJQHG XVLQJ =) VRIWZDUH JHRUHIHUHQFHG DQG ILOWHUHG LQ RUGHU WR
SHUIRUPDSUHFLVHFRUUHFWLRQRIWKHSRVLWLRQVRIWUHHVPHDVXUHGLQWKHILHOG  

$LUERUQHOLGDUGDWDZHUHFROOHFWHGLQ-XQHXVLQJDQ2SWHFK$/707KHPHDQGHQVLW\
RI DOO UHWXUQV LV  SRLQWVP8S WR IRXU UHWXUQVZHUH UHFRUGHG IRU HDFK SXOVH7KH DLUERUQH
WUDMHFWRU\LVIRUPHGE\DVHULHVRI;<=*36FRRUGLQDWHPHDVXUHGDWDRQHVHFRQGLQWHUYDO7KH
UDZ OLGDU GDWD ZDV SURFHVVHG ZLWK 7HUUD6ROLG VRIWZDUH IRU IOLJKW OLQH DOLJQPHQW DQG SRLQW
FODVVLILFDWLRQ 5HWXUQV ZHUH VWRUHG ZLWKLQ /$6 ILOHV 7DEOH  SUHVHQWV WKH PDLQ IOLJKW DQG
VHQVRUVVSHFLILFDWLRQV

7DEOH6SHFLILFDWLRQRIWKHOLGDUGDWDDFTXLVLWLRQ

$/706HQVRU $/70
3XOVHUHSHWLWLRQIUHTXHQF\N+] 
)OLJKWDOWLWXGHPHWHUVDERXWJURXQGOHYHO 
6FDQ5DWH+] 
6FDQ$QJOHGHJ 
$SSUR[SRLQWVSHUP 

7RYDOLGDWHWKHVLPXODWRUZHILUVWUHFRQVWUXFWHGWKHWUHHVPHDVXUHGDQGJHRORFDWHGLQWKHILHOGLQ
PSORWV)LQHFRUUHFWLRQRI*36JHRORFDWLRQRI WKHFHQWHURI WKHSORWZDV SHUIRUPHGE\
FRPSDULQJ WKH UHDO OLGDUFDQRS\KHLJKWPRGHO &+0ZLWK WKHRQHJHQHUDWHG IURPVLPXODWHG
WUHHVUHSURGXFLQJILHOGGDWD6OLJKWDQGV\VWHPDWLFWUDQVODWLRQVLQ;DQG<ZHUHDSSOLHG WRDOO
WUHHVWRLPSURYHWKHRYHUDOOSORWZLVHSODQLPHWULFFRUHJLVWUDWLRQRIWKHUHDODQGVLPXODWHGWUHHV
7UHHJHRORFDWLRQVUHODWLYHWRWKHSORWFHQWHUZHUHWKHQLQGLYLGXDOO\FRUUHFWHGXVLQJWKHWHUUHVWULDO
OLGDUGDWDDVDUHIHUHQFH0RGHOHGWUHHVL]HVDQGVKDSHZHUHGHWHUPLQHGXVLQJWKHLUWUXH'%+
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DQG VSHFLHVVSHFLILF DOORPHWULF HTXDWLRQV DQGPDQXDOKHLJKWPHDVXUHPHQWVSHUIRUPHGRQ WKH
DHULDO DQG WHUUHVWULDO OLGDUGDWD7UHHVEHORZ WKH WKUHVKROG'%+RIFPDQG VKUXEVZHUHQRW
PRGHOOHG:H XVHG WKH 'LJLWDO 7HUUDLQ0RGHO '70 REWDLQHG E\ LQWHUSRODWLRQ RI FODVVLILHG
JURXQGUHWXUQVIURPWKHUHDOOLGDUGDWDDVWKHEDUHHDUWKHOHYDWLRQLQWKHVLPXODWLRQ 

:H WKHQ JHQHUDWHG UHWXUQV EDVHG RQ WKH WUXH DLUFUDIW WUDMHFWRU\ UHFRUGHG LQ IOLJKW 8VLQJ*36
WLPHLQWKHWUDMHFWRU\DQG/$6ILOHVDVDNH\ZHOLQNHGWKH;<=RULJLQRIHDFKSXOVHZLWKWKH
REVHUYHG;<=SRVLWLRQRIWKHFRUUHVSRQGLQJILUVWUHWXUQ7KHUD\HTXDWLRQZDVWKXVFDOFXODWHG
DQGXVHGWRJXLGHWKHSURSDJDWLRQRIVLPXODWHGSXOVHVWKURXJKWKHYR[HOUHSUHVHQWDWLRQVRIILHOG
WUHHV 

7KH VLPXODWHG DQG FRUUHVSRQGLQJ UHDO OLGDU ZHUH FRPSDUHG XVLQJ WKUHH PHWKRGV  YLVXDO
FRPSDULVRQRIWKHUHDODQGVLPXODWHGSRLQWFORXGVFRPSDULVRQEHWZHHQYHUWLFDOSRLQWFRXQW
SURILOHVE\PVWUDWDRIWKHUHDODQGVLPXODWHGSRLQWFORXGVXVLQJWKH5DQGDFRPSDULVRQ
RIFHUWDLQPHWULFVRIWKHYHUWLFDOGLVWULEXWLRQRIUHWXUQVHJGLIIHUHQFHEHWZHHQFRUUHVSRQGLQJ
KHLJKWTXDQWLOHVRIWKHUHDODQGVLPXODWHGSRLQWFORXGV

2.3 Generation of series of simulations for forest structure analysis 

:HGHILQH³VLPXODWLRQVHULHV´DVDFROOHFWLRQRIUHDOL]DWLRQVUHDOL]DWLRQ RQHPRGHOUXQIRUD
JLYHQSORWDQGDJLYHQVHWRISDUDPHWHUYDOXHVLQZKLFKRQHRUPRUHIRUHVWDWWULEXWHGDUHYDULHG
LQUHJXODULQFUHPHQWVEHWZHHQDPLQLPXPDQGPD[LPXPYDOXHVZKLOHRWKHUDWWULEXWHVDUHKHOG
FRQVWDQW$WHDFKLQFUHPHQWGLIIHUHQWUHDOL]DWLRQVDUHFRPSXWHGLQZKLFKRQO\ WKHORFDWLRQRI
WKHWUHHVZLWKLQWKHSORWVSDFHLVFKDQJHG/LGDUSXOVHVDUHJHQHUDWHGIURPOLQHDUIOLJKWOLQHVDQG
WKHLUSDWWHUQLVGHWHUPLQHGE\WKHVLPXODWHGVXUYH\DQGVHQVRUFKDUDFWHULVWLFVVHH7DEOHDQG
0HWULFVDUHWKHQH[WUDFWHGIURPHDFKRIWKHUHDOL]DWLRQDQGUHJUHVVHGIRUDJLYHQVHULHVDJDLQVW
WKH IRUHVW DWWULEXWH RI LQWHUHVW$V D ILUVW H[SHULPHQWZH VKRZKRZ WUHH GHQVLW\ZKHQKHLJKW
GLVWULEXWLRQDQGRWKHUSDUDPHWHUVDUHKHOGFRQVWDQWLVUHIOHFWHGLQWKHSRLQWFORXGVDQGYDULRXV
FODVVLFDODUHDEDVHGPHWULFVSHUFHQWLOHVHWF7KHGHQVLW\UDQJHEHWZHHQDQGWUHHVKD
LQDVLPXODWHGSORWRIP7KHPRGHOFDQSORWWUHHVRYHUDQH[LVWLQJJHRUHIHUHQFHGWHUUDLQ
PRGHORU LQD IODW&DUWHVLDQVSDFH:HFKRRVH WKH ODWWHU WRDQDO\VH WKH GHQVLW\HIIHFWRQ OLGDU
SRLQWGLVWULEXWLRQ)RUDILUVWVLPXODWLRQZHFKRRVHDFURZQVKDSHZKLFKILWDFRQLIHURXVFURZQ
+HLJKWGLVWULEXWLRQIROORZD:HLEXOOFXUYHZLWKDVSHFLILHGPRGDOKHLJKWZHFKRRVHDQG
PPRGDOKHLJKWV7KHVHULHVVSHFLILFDWLRQVDUHSUHVHQWHGLQ7DEOHDORQJDQGWKHVLPXODWHG
OLGDUSDUDPHWHUVLQWDEOH$VWKLVLVDILUVWH[SORUDWLRQZHKDYHYDULHGRQO\RQHSDUDPHWHUDWD
WLPH WR IXOO\ LVRODWH LWV HIIHFW 7KLV FUHDWHV FRQGLWLRQV ZKLFK PD\ QRW DOZD\V UHIOHFW QDWXUDO
IRUHVWVWUXFWXUHV)RUH[DPSOHGHQVLW\DQGKHLJKWDUHQRUPDOO\LQYHUVHO\SURSRUWLRQDWH,QIXWXUH
VWXGLHVZHZLOODOVRJHQHUDWHVHULHVZLWKLQWHUSDUDPHWHUFRYDULDWLRQ



7DEOH6LPXODWHGVWDQGFKDUDFWHULVWLFV
 
6HULHV 9DULDEOHRILQWHUHVW'HQVLW\
WUHHVKD
&RQWUROOHG YDULDEOH PHDQ KHLJKW
PHWHUV
 0LQ0D[
,QFUHPHQW

 
 
 
 
7DEOH6SHFLILFDWLRQRIWKHVLPXODWHGOLGDUGDWD
 
3XOVHUHSHWLWLRQIUHTXHQF\N+] 
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)OLJKWDOWLWXGHPHWHUVDERXWJURXQGOHYHO 
6FDQ5DWH+] 
0D[LPXPVFDQDQJOHUHODWLYHWRQDGLUGHJ 
$SSUR[WRWDOUHWXUQVSHUP 
$LUFUDIWVSHHG PV
6FDQSDWWHUQ ]LJ]DJ
 
 
)RUHDFKUHDOL]DWLRQWKHIROORZLQJPHWULFVZHUHH[WUDFWHGVWQGDQGUGTXDUWLOHVQ1, Q2, Q3
WKSHUFHQWLOHP95DQGSURSRUWLRQRIILUVWUHWXUQVUHVSHFWLYHO\EHORZPHWHUVD1)ZLWKRXW
DQ\ PLQLPXP KHLJKW WKUHVKROG EHLQJ DSSOLHG 7KHVH DUH DPRQJ WKH PRVW FRPPRQO\ XVHG
PHWULFVDQGDUHSDUWRIWKHVHWSURSRVHGE\WKH)86,21VRIWZDUHSDFNDJHRIWKH86'$0HWULFV
H[WUDFWLRQZDVFDUULHGRXWXVLQJVSHFLDOSXUSRVHVRIWZDUHGHYHORSHGLQ& 
 
3. Results 
 
3.1 Validation of the simulator 
 
$ILUVWDSSUDLVDORIWKHVLPXODWLRQDSSURDFKLVEDVHGRQDYLVXDODQDO\VLVRIDSORWRIVLPXODWHG
WUHHVUHSURGXFLQJWKHJHRORFDWLRQDQGVL]HRIWUHHVRIRQHILHOGPHDVXUHGSORW)LJXUHV	
+DUGZRRGDQGVRIWZRRGFDQEHGLVWLQJXLVKHGE\WKHLUFURZQVKDSH 
 
)LJXUH([HPSOHRIDYR[HOEDVHGVLPXODWHGSORW*UHHQLQWHQVLWLHVLQWUHHFURZQUHSUHVHQWUDQGRP
YDOXHVRIUHIOHFWDQFH  
 
7KHVLPXODWHGOLGDUUHWXUQVDUHFRPSDUHGWRWKHFRUUHVSRQGLQJWKHUHDORQHVLQ)LJXUH&RORU
FRGLQJRIWKHUHWXUQQXPEHUKHOSVLQFRPSDULQJWKHWZRSRLQWFORXGV7KHVHFDQEHVDLGWREH
YLVXDOO\YHU\VLPLODU&URZQVDSSHDUEHWWHUGHILQHGLQWKHVLPXODWHGSRLQWFORXG0RUHRYHUDV
ZH GLG QRW VLPXODWH XQGHUVWRU\ YHJHWDWLRQ QRU WUHHV ZLWK '%+ VPDOOHU WKDQ  FP PRUH JURXQG
UHWXUQVDUHSUHVHQWLQWKHVLPXODWHGSRLQWFORXGWKDQWKHUHDOOLGDUGDWDVSHFLILFDOO\IRUILUVWUHWXUQV

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D E  

)LJXUHD5HDOOLGDUUHWXUQVE&RUUHVSRQGLQJVLPXODWHGOLGDUSRLQWV3RLQWFRORXUUHSUHVHQWVUHWXUQ
QXPEHUILUVWUHWXUQ±GDUNEOXHVHFRQGUHWXUQ±OLJKWEOXHWKLUGUHWXUQJUHHQ7KHUHDOOLGDU'70
DSSHDUVLQVKDGHVRIJUH\
 
 
7KHVLPXODWLRQVZHUHIXUWKHUYHULILHGE\FRPSDULQJWKHGLVWULEXWLRQRIQXPEHURISRLQWE\VWUDWD
RIPIRUOLGDUSRLQWVDQGVLPXODWHGSRLQWVUHVSHFWLYHO\IRUWKHWRWDOQXPEHURIUHWXUQVILUVW
VHFRQGDQGWKLUGUHWXUQV/LQHDUUHJUHVVLRQVEHWZHHQWKHVHFXUYHVJLYHDQRYHUDOO5RIIRU
DOOWKHUHWXUQVRIIRUWKHILUVWRIIRUWKHVHFRQGDQGIRUWKHWKLUGUHWXUQV)LJXUH
$VZHGLGQRWVLPXODWHWKHXQGHUVWRU\DQGWUHHVZLWK'%+OHVVWKDQFPWKHGLIIHUHQFHV
EHWZHHQFXUYHVDWJURXQGOHYHODUHQRWFRQVLGHUHGIXOO\LQGLFDWLYHRIPRGHOSHUIRUPDQFH  
 
 
)LJXUH&RPSDULVRQEHWZHHQSURILOHRIVLPXODWHGEODFNOLQHDQGUHDOOLGDUGDWDJUD\OLQH

7KHVWURQJSRVLWLYHFRUUHODWLRQEHWZHHQVLPXODWHGDQGUHDOOLGDUSURILOHVFXUYHVLVVDWLVIDFWRU\DV
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ZHOODVWKHKLJKVLPLODULW\EHWZHHQWKHVLPXODWHGDQGUHDO&+0VPD\EHFRQVLGHUHGVXIILFLHQW
IRUGHULYLQJ LQLWLDOFRQFOXVLRQVIURPWKHVLPXODWLRQVRIVHULHV$W WKHVDPHWLPH WKHPRGHO LV
GHSHQGHQWRQWKHZLWKLQFURZQGLVWULEXWLRQRIUHIOHFWDQFHYDOXHVWKHVDPSOLQJGHQVLW\DORQJWKH
ODVHUUD\VDQGWKUHVKROGVLQWKHDOJRULWKPRIGLVFUHWL]DWLRQRIODVHUUHWXUQV7KHUHDOLVPRIFURZQ
VKDSH UHSUHVHQWDWLRQ LV DQ RWKHU LPSRUWDQW IDFWRU 7R LPSURYH LW VSHFLHV VSHFLILF SDUDPHWHUV
PXVWEHFRQVLGHUHGLQWKHIXWXUH%HIRUHPRUHGDWDVHULHVDUHJHQHUDWHGIXUWKHULPSURYHPHQWV
ZLOOEHPDGHWRWKHVLPXODWRU
 
 
3.2 Series of simulations 
 
$WRWDORIWKUHHVHULHVZHUHJHQHUDWHGLQZKLFKHLWKHUWKHGHQVLW\WKHKHLJKWRUWKHFURZQVKDSH
ZDVYDULHG:HILUVWSUHVHQWDVXEVHWRIJUDSKVVKRZLQJWKHUHODWLRQVKLSEHWZHHQIRUHVWGHQVLW\
DQG VHOHFWHG OLGDU SRLQW FORXGPHWULFV:H UHSRUW WKH FRHIILFLHQW RI GHWHUPLQDWLRQ 5 RI WKH
OLQHDUUHJUHVVLRQ)LJXUHDQG 
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)LJXUH9DULDWLRQRIVWQGDQGUGTXDUWLOHVLQPZLWKWUHHGHQVLW\IRUGLIIHUHQWPRGDOWUHHKHLJKWV 

7KHJUDSKVRIWKHTXDQWLOHVDQGLQ)LJXUHUHYHDOVWURQJFRUUHODWLRQZLWKWUHH
GHQVLW\EXWVKRZWKDWWKHVHUHODWLRQVKLSVDUHQRQOLQHDU7KHRYHUDOOVKDSHRIWKHUHODWLRQVKLSLV
QRWDIIHFWHGE\DYHUDJHWUHHKHLJKW:HVHHWKDWWKHTXDQWLOHYDOXHVIRUGLIIHUHQWUHDOL]DWLRQVYDU\
WRVRPHGHJUHHVKRZLQJWKHHYHQIRUDJLYHQVHWRISUHFLVHO\GHILQHGLQSXWSDUDPHWHUVGHQVLW\
WUHHVKDSHDQGKHLJKWGLVWULEXWLRQWKHSUHFLVHORFDWLRQRIWUHHVLQIOXHQFHVWKHUHVXOWLQJTXDQWLOH
YDOXHDQGFRQWULEXWHVWRWKHRYHUDOOSRLQWVFDWWHU 
 
 
)LJXUH9DULDWLRQRISURSRUWLRQRIILUVWUHWXUQVDERYHPZLWKWUHHGHQVLW\IRUGLIIHUHQWPHDQWUHH
KHLJKWV
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7KHUHODWLRQVKLSEHWZHHQ'DQGWUHHGHQVLW\)LJXUHVKRZVDVWURQJHUFRUUHODWLRQIRUVPDOOHU
WUHHV,WVVKDSHLVDOVRQRQOLQHDU
 
4. Conclusion 

)ROORZLQJXSRQWKHZRUNRISUHYLRXVVWXGLHVZHKDYHGHYHORSHGWHVWHGDQGXVHGDQHZOLGDU
SRLQW FORXG VLPXODWRU LQZKLFK FURZQ SHQHWUDWLRQ DQGPXOWLSOH UHWXUQV DUHPRGHOOHG )RU WKH
ILUVW WLPH WR WKHEHVWRIRXUNQRZOHGJH VXFK D VLPXODWRUZDVYDOLGDWHGXVLQJ WKHH[DFW ODVHU
UD\VWUDMHFWRU\RIDUHDOVXUYH\,QLWLDOUHVXOWVDUHYHU\HQFRXUDJLQJDVWKH\KLJKOLJKWWKHIDFWIRU
H[DPSOHWKDWLQFRQWUROOHGFRQGLWLRQVWKHUHODWLRQVKLSEHWZHHQWKHGHQVLW\RIWUHHVDQGFHUWDLQ
TXDQWLOHV DUH QRW OLQHDU WKXV MXVWLI\LQJ WKH XVH RI ORJWUDQVIRUPHG YDULDEOHV $IWHU ILQDO
LPSURYHPHQWVDQGYDOLGDWLRQRIWKHOLGDUVLPXODWRUZHZLOOXVHLWWRJHQHUDWHVHULHVUHIOHFWLQJ
QXPHURXVVFHQDULRVVXFKDVSXUHDQGPL[HGVWDQGVGLIIHUHQWOLGDUUHWXUQGHQVLWLHVFRYDULDWLRQ
RIVWUXFWXUDODWWULEXWHGHWF2EVHUYDWLRQVRQWKHYDULDWLRQRIODVHUGHULYHGYDULDEOHVSHUFHQWLOHV
RIWKHODVHUFDQRS\KHLJKWFXPXODWLYHSURSRUWLRQVRIOLGDUUHWXUQVHWFZLWKUHVSHFWWRGLIIHUHQW
FKDUDFWHULVWLFV RI WKH VLPXODWHG WUHH SRSXODWLRQ VKRXOG LPSURYH WKH XQGHUVWDQGLQJ FDOLEUDWLRQ
DQGVWDQGDUGLVDWLRQRIDUHDEDVHGRULQGLYLGXDOWUHHDSSURDFKHV

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Predicting Live and Dead Tree Basal Area in Bark Beetle-Affected 
Forests from Discrete-Return LiDAR 

$QGUHZ7+XGDN%HQ%ULJKW-RVH1HJURQ5REHUW0F*DXJKH\+DQV(ULN
$QGHUVHQ-HIIUH\$+LFNH

86)RUHVW6HUYLFH5RFN\0RXQWDLQ5HVHDUFK6WDWLRQDKXGDN#IVIHGXV
8QLYHUVLW\RI,GDKR'HSDUWPHQWRI*HRJUDSK\EULJKW#XLGDKRHGX
86)RUHVW6HUYLFH5RFN\0RXQWDLQ5HVHDUFK6WDWLRQMQHJURQ#IVIHGXV
86)RUHVW6HUYLFH3DFLILF1RUWKZHVW5HVHDUFK6WDWLRQEPFJDXJKH\#IVIHGXV
86)RUHVW6HUYLFH3DFLILF1RUWKZHVW5HVHDUFK6WDWLRQKDQGHUVHQ#IVIHGXV
8QLYHUVLW\RI,GDKR'HSDUWPHQWRI*HRJUDSK\MKLFNH#XLGDKRHGX

3DSHU1XPEHU  6/
 
1. Introduction 

5HFHQWEDUNEHHWOHRXWEUHDNVLQZHVWHUQ1RUWK$PHULFDKDYHEHHQZLGHVSUHDGDQGVHYHUH+LJK
WUHH PRUWDOLW\ GXH WR EDUN EHHWOHV DIIHFWV WKH IXQGDPHQWDO HFRV\VWHP SURFHVVHV RI SULPDU\
SURGXFWLRQDQGGHFRPSRVLWLRQWKDWODUJHO\GHWHUPLQHFDUERQEDODQFH.XU]et al.3IHLIHU
et al.  +LFNH et al.  )RUHVW PDQDJHUV QHHG DFFXUDWH GDWD RQ EHHWOHLQGXFHG WUHH
PRUWDOLW\WRPDNHEHWWHUGHFLVLRQVRQKRZEHVWWRUHPHGLDWHEHHWOHDIIHFWHGIRUHVWVDQGUHVWRUH
KHDOWK\ HFRV\VWHP VHUYLFHV 1HJURQ et al.  'LVFUHWHUHWXUQ /L'$5 PHDVXUHV FDQRS\
KHLJKW DQG GHQVLW\ DQG/L'$5 LQWHQVLW\ SURYLGHV VRPH LQGLFDWLRQ RI WKH VSHFWUDO UHIOHFWDQFH
DQGFRQGLWLRQRIFDQRS\HOHPHQWV IROLDJHDQGEUDQFKHV .LPet al./L'$5KDVEHHQ
VXFFHVVIXOO\DSSOLHGWRHVWLPDWHELRPDVVDQGFDUERQVWRFNVLQKHDOWK\IRUHVW+XGDNet al.
DQGEHHWOHDIIHFWHGIRUHVW%ULJKWet al.$FKDOOHQJHLQEHHWOHDIIHFWHGIRUHVWVLVWKDWPRVW
DLUERUQH /L'$5 KDV D VLQJOH QHDU LQIUDUHG ZDYHOHQJWK LH /L'$5 ODFNV WKH PXOWLVSHFWUDO
LQIRUPDWLRQ XVHIXO IRU GLVWLQJXLVKLQJ EHWZHHQ JUHHQ UHG DQG JUH\ WUHHV +RZHYHU /L'$5
LQWHQVLW\YDOXHVPD\KHOSGLVWLQJXLVKEHWZHHQOLYHJUHHQDQGGHDGUHGRUJUH\WUHHV0RUHRYHU
PRXQWDLQ SLQH EHHWOHV WKH PRVW ZLGHVSUHDG EDUN EHHWOH FXUUHQWO\ DQG VSUXFH EHHWOHV
SUHIHUHQWLDOO\ DWWDFN ODUJHU WUHHV VR EHHWOHV LPSDUW D FDQRS\ VWUXFWXUDO VLJQDWXUH WKDWPD\ EH
H[SORLWHG&RRSVet al. 

2XUREMHFWLYHLVWRSUHGLFW/LYHDQG'HDG%DVDO$UHD%$LQEHHWOHDIIHFWHGDUHDVLQILYHVWDWHV
LQ WKH 86$ XVLQJ FDQRS\ KHLJKW GHQVLW\ LQWHQVLW\ DQG WRSRJUDSKLF PHWULFV GHULYHG IURP
GLVFUHWHUHWXUQDLUERUQH/L'$5GDWDWUHHPHDVXUHPHQWVFROOHFWHGLQILHOGSORWVDQGVXPPDUL]HG
LQWRSORWOHYHOHVWLPDWHVRI/LYH%$DQG'HDG%$XVLQJWKH)RUHVW9HJHWDWLRQ6LPXODWRU)96
DQG WKH QRQSDUDPHWULF 5DQGRP )RUHVWV 5) PDFKLQH OHDUQLQJ DOJRULWKP %UHLPDQ 
3UHGLFWLQJERWK/LYHDQG'HDG%$LQEDUNEHHWOHDIIHFWHGIRUHVWZKHUHOLYHDQGGHDGWUHHVDUH
W\SLFDOO\WKRURXJKO\PL[HGKDVQRWEHHQDWWHPSWHGEHIRUHDQGVKRXOGSURYLGHLQVLJKWLQWRWKH
VHQVLWLYLW\RI/L'$5WREDUNEHHWOHHIIHFWVRQFRQLIHURXVIRUHVWFDQRSLHV
 
2. Methods 
 
2.1 Study areas 
 
$UHDVRIEDUNEHHWOHLQIHVWHG FRQLIHURXV IRUHVWV LQFOXGHG LQ WKLV VWXG\DUH IURP WKH.HQDL
3HQLQVXOD LQ $ODVND $.  WKH 3LQDOHxR 0RXQWDLQV RI VRXWKHDVWHUQ $UL]RQD $= 
QRUWKFHQWUDO &RORUDGR &2  FHQWUDO ,GDKR ,' DQG  FHQWUDO 2UHJRQ 25 7KH
FRPPRQDOLW\DPRQJWKHVHVWXG\DUHDVLVWKDWERWKILHOGSORWDQG/L'$5GDWDZHUHFROOHFWHGDW
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6HSWHPEHU±9DQFRXYHU&DQDGD
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WKH WLPHRIDQDFWLYHEHHWOHRXWEUHDN LQPDWXUHFRQLIHURXVIRUHVWZLWKHDFKVWXG\DUHDKDYLQJ
WUHHVRIYDULDEOHDJHKHLJKWDQGGHQVLW\7KHUDQJHRIEDUNEHHWOHLQGXFHGPRUWDOLW\ZDVDOVR
KLJKO\YDULDEOHDFURVVWKHILHOGSORWVUDQJLQJIURPWRPRUWDOLW\

2.2 Field plots 

)LHOGSORW ORFDWLRQV LQ$=&2DQG ,'ZHUHVHOHFWHGXVLQJVWUDWLILHGUDQGRP&2DQG ,'RU
V\VWHPDWLF$=VDPSOLQJGHVLJQVZLWKLQWKHERXQGVRIWKH/L'$5DFTXLVLWLRQV$OOSORWVZHUH
RIIL[HGUDGLXVZLWKUDGLLRIPLQ$=KDPLQ&2KDDQGPLQ,'
 KD )LHOG SORWV LQ $. DQG 25 ZHUH )RUHVW ,QYHQWRU\ DQG $QDO\VLV ),$ SORWV DW
SUHGHWHUPLQHGV\VWHPDWLFORFDWLRQV ,Q25 WKHVHSORWVZHUHDXJPHQWHGZLWK86)65HJLRQ
5&RQWLQXRXV9HJHWDWLRQ6XUYH\&96SORWVDOVRVLWXDWHGDORQJDV\VWHPDWLFJULG(DFK),$
SORWLQ$.DQG25FRQVLVWVRIVXESORWVRIPUDGLXVKDWRWDOSORWDUHDZKLOHWKH5
SORWV LQ25FRQVLVWRIVXESORWVRIPUDGLXVKDWRWDOSORWDUHD7KHVXESORW OHYHO
GDWD ZHUH FRPELQHG DQG VXPPDUL]HG DW WKH SORW OHYHO WR SUHFOXGH DQ\ LVVXHV RI VSDWLDO
DXWRFRUUHODWLRQ SVHXGRUHSOLFDWLRQ RU LQIODWHG SORW QXPEHUV /LYH DQG 'HDG %$ ZHUH
VXPPDUL]HGDWWKHSORWOHYHOIURPLQGLYLGXDOWUHHGLDPHWHUDWEUHDVWKHLJKWGEKPHDVXUHPHQWV
DQGWUHHFRQGLWLRQFDOOVXVLQJWKH)RUHVW9HJHWDWLRQ6LPXODWRU)96ZKLOHWDNLQJLQWRDFFRXQW
WKHGLIIHUHQWSORWDUHDVDQGWKHQFRQYHUWHGIURP(QJOLVKXQLWVRIIWDFWRPHWULFXQLWVRIPKD

2.3 Data processing 

0HWULFVRIWKHKHLJKWLQWHQVLW\DQGGHQVLW\RI/L'$5SRLQWVZLWKLQWKHIL[HGUDGLXVILHOGSORWV
ZHUH FDOFXODWHG XVLQJ WKH &ORXG0HWULFV WRRO RI )86,21 /L'$5 YLVXDOL]DWLRQ DQG DQDO\VLV
VRIWZDUH0F*DXJKH\,Q$.DQG25WKH/L'$5SRLQWVZLWKLQWKHLQGLYLGXDOVXESORWV
ZHUH H[WUDFWHG IURP WKH SRLQW FORXG DQG FRQFDWHQDWHG LQWR D VLQJOH ILOH SULRU WR FDOFXODWLQJ
SORWOHYHOPHWULFV,QDOOVWXG\DUHDVJURXQGHOHYDWLRQVIURPWKH/L'$5GHULYHGGLJLWDOWHUUDLQ
PRGHO '70ZHUHVXEWUDFWHG IURP WKHSRLQWHOHYDWLRQVEHIRUHFDOFXODWLQJFDQRS\PHWULFV$
KHLJKWWKUHVKROGRIEUHDVWKHLJKWPZDVXVHGWRVHSDUDWHJURXQGDQGXQGHUVWRU\UHWXUQV
IURPRYHUVWRU\UHWXUQV+HLJKWDQGLQWHQVLW\PHWULFVZHUHVWDWLVWLFVEDVHGRQWKHGLVWULEXWLRQVRI
KHLJKW DQG LQWHQVLW\ YDOXHV DVVRFLDWHG ZLWK HDFK UHWXUQ SHUFHQWLOHV PLQLPXP PHGLDQ
PD[LPXP TXDUWLOHV DQG LQWHUTXDUWLOH UDQJH ,4 PRGH PHDQ VWDQGDUG GHYLDWLRQ YDULDQFH
VNHZQHVV NXUWRVLV FRHIILFLHQW RI YDULDWLRQ &9 DYHUDJH DEVROXWH GHYLDWLRQ $$' DQG
FDQRS\ UHOLHI UDWLR &55 3LNH DQG :LOVRQ  'HQVLW\ PHWULFV ZHUH FDOFXODWHG DV WKH
SHUFHQWDJHRIERWKVWDQGDOOUHWXUQV!PEUHDVWKHLJKW%+PHDQDQGPRGHDQGZLWKLQ
VHYHQYHUWLFDOKHLJKWVWUDWDPPPPPPDQG
!P7ZHQW\WRSRJUDSKLFPHWULFV LQFOXGLQJHOHYDWLRQVORSHWUDQVIRUPHGDVSHFWSURILOHDQG
SODQLIRUP FXUYDWXUHV VORSHFRVDVS VORSHVLQDVS DQG KHDWORDG LQGH[ZHUH DOVR FDOFXODWHG
IURPGLJLWDOWHUUDLQPRGHOV'70DIWHUDJJUHJDWLQJWKHPWRPUHVROXWLRQXVLQJDQ,PDJLQH
DGGRQWRROGHYHORSHGDWWKH86)65HPRWH6HQVLQJ$SSOLFDWLRQV&HQWHU5XHIHQDFKW,Q3UHS

2.4 Random Forests model development 

3UHGLFWRU YDULDEOHV ZHUH VHOHFWHG IURP WKH VXLWH RI FDQGLGDWH PHWULFV JHQHUDWHG IURP HLWKHU
)86,21FDQRS\KHLJKW LQWHQVLW\GHQVLW\PHWULFVRUWKH,PDJLQHWRROWRSRJUDSKLFPHWULFV
5) FDOFXODWHV YDULDEOH LPSRUWDQFH YDOXHV EDVHG RQ WKH QXPEHU RI QRGHV LW IRUPVZLWKLQ WKH
UDQGRPIRUHVWRIUHJUHVVLRQWUHHV7KRVHSUHGLFWRUVH[KLELWLQJWKHKLJKHVW0RGHO,PSURYHPHQW
5DWLR 0,5 FDOFXODWHG IURP VWDQGDUGL]HG LPSRUWDQFH YDOXHV ZHUH VHOHFWHG (YDQV DQG
&XVKPDQ  (YDQV et al.  5) UDQGRPO\ VHOHFWV YDULDEOH VXEVHWV WKURXJK D
ERRWVWUDSSLQJSURFHGXUHWKDWPDNHVLWUREXVWWRKLJKO\FRUUHODWHGGDWDDQGUHVLVWDQWWRRYHUILWWLQJ
%UHLPDQ+RZHYHU LQ WKH LQWHUHVWRISDUVLPRQ\ZH DOVR HOLPLQDWHGSUHGLFWRUV LI WKH\
KDG D 3HDUVRQ FRUUHODWLRQ U !  ZLWK DQRWKHU SUHGLFWRU KDYLQJ D KLJKHU 0,5 YDOXH 5)
UDQGRPO\ZLWKKROGVRQHWKLUGRIWKHGDWDDVDQRXWRIEDJVDPSOHDWHYHU\ERRWVWUDSLWHUDWLRQVR
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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LWLVQRWQHFHVVDU\WRSDUWLWLRQWKHGDWDLQWRPRGHODQGYDOLGDWLRQGDWDVHWV%UHLPDQ

3. Results 

,QWKH$.$=DQG25ILHOGSORWVGHDGWUHHVFRPSULVHGOHVVWKDQKDOIRIWKH%$PHDVXUHGDQG
ZHUHDORZSURSRUWLRQRI7RWDO%$LQ$.DQG$=ZKHUHDVLQ&2DQG,'PRUHWKDQKDOIRIWKH
SORWOHYHO%$ZDVIURPGHDGWUHHV7DEOH

7DEOH6XPPDU\6WDWLVWLFVRI3ORW/HYHO/LYHDQG'HDG%DVDO$UHDPKD

6WXG\DUHD 3ORWV 5HVSRQVH 0LQLPXP VW4XDUWLOH 0HGLDQ 0HDQ UG4XDUWLOH 0D[LPXP
$ODVND  /LYH%$      
  'HDG%$      
$UL]RQD  /LYH%$      
  'HDG%$      
&RORUDGR  /LYH%$      
  'HDG%$      
,GDKR  /LYH%$      
  'HDG%$      
2UHJRQ  /LYH%$      
  'HDG%$      

0HWULFVRIDOOW\SHVKHLJKWLQWHQVLW\GHQVLW\DQGWRSRJUDSKLFZHUHVHOHFWHGEDVHGRQ0,5IRU
WKH 5) PRGHOV 7DEOH  ,Q JHQHUDO KHLJKW DQG GHQVLW\ PHWULFV ZHUH PRVW LPSRUWDQW LQ
SUHGLFWLQJ /LYH DQG 7RWDO %$ ZKHUHDV LQWHQVLW\ PHWULFV ZHUH PRVW LPSRUWDQW LQ SUHGLFWLQJ
'HDG /LYH DQG 'HDG %$ $Q H[FHSWLRQ ZDV 25 ZKHUH LQWHQVLW\ PHWULFV ZHUH QRW
LPSRUWDQWSHUKDSVEHFDXVHWKHGHDGWUHHVFRPSULVHGWKHORZHVWSURSRUWLRQRI7RWDO%$RIDQ\
VWXG\ DUHD 7RSRJUDSKLF PHWULFV ZHUH JHQHUDOO\ WKH OHDVW LPSRUWDQW PHWULFV LQ DOO PRGHOV
%HFDXVHLQWHQVLW\YDOXHVFRXOGQRWEHQRUPDOL]HGDFURVVDOOVWXG\DUHDVZHDOVRWHVWHGWKHHIIHFW
RIRPLWWLQJLQWHQVLW\PHWULFVIURPWKHPRGHOVWKHUHVXOWQRWVKRZQZDVPRUHGHQVLW\PHWULFV
VHOHFWHG LQ SODFH RI LQWHQVLW\ PHWULFV EXW JHQHUDOO\ D ORZHU QXPEHU RI VHOHFWHG SUHGLFWRUV
RYHUDOODQGORZHUYDULDQFHH[SODLQHGLQDOOVWXG\DUHDVH[FHSW25,QWHQVLW\PHWULFVZHUHPRUH
LPSRUWDQWLQH[SODLQLQJ/LYH%$LQ&2DQG,'ZKHUHWUHHPRUWDOLW\ZDVKLJKHUWKDQLQ$.$=
DQG25 ,Q$.$=&2 DQG ,'5)0RGHOVSUHGLFWLQJ/LYHDQG'HDG%$ZHUHDOPRVW
LGHQWLFDOLQWHUPVRILPSRUWDQWYDULDEOHV7DEOHDQGYDULDQFHH[SODLQHG7DEOHZKLFKLVQRW
VXUSULVLQJ EHFDXVH WKHVH UHVSRQVHV DUH PXWXDOO\ GHSHQGHQW ,Q 25 ZKHUH VDPSOHG WUHH
PRUWDOLW\ZDVORZHVW5)PRGHOVSUHGLFWLQJ/LYHDQG'HDG%$ZHUHQRWLGHQWLFDO
 
,QDOOVWXG\DUHDVWKH5)PRGHOVH[SODLQHGPRUHYDULDQFHLQ/LYH%$WKDQ'HDG%$7DEOH
,Q$.$=&2DQG,'LQWHQVLW\PHWULFVZHUHYHU\HIIHFWLYHSUHGLFWRUVRI/LYHDQG'HDG
%$ RPLWWLQJ LQWHQVLW\ PHWULFV QRW VKRZQ UHGXFHG YDULDQFH H[SODLQHG HVSHFLDOO\ IRU
SUHGLFWLQJGHDG%$0RGHOVRI/LYHDQG'HDG%$H[SODLQHGPRUHYDULDQFH
YDULDQFH H[SODLQHG WKDQPRGHOV SUHGLFWLQJ DEVROXWH /LYH 'HDG DQG7RWDO %$  
YDULDQFHH[SODLQHGLQWKHVHDUHDV,Q25ZKHUHWUHHPRUWDOLW\ZDVORZHVWDQGLQWHQVLW\PHWULFV
ZHUH FRPSDUDWLYHO\ XQLPSRUWDQW /LYH DQG 'HDG %$ PRGHOV H[SODLQHG OHVV YDULDQFH
YDULDQFHH[SODLQHGWKDQ5)PRGHOVSUHGLFWLQJDEVROXWH/LYHDQG'HDG%$
YDULDQFHH[SODLQHG,Q$.&2,'DQG255)PRGHOVSUHGLFWLQJ7RWDO%$H[SODLQHG
PRUHYDULDQFHWKDQ5)PRGHOVSUHGLFWLQJ/LYHDQG'HDG%$7KHYDULDQFHH[SODLQHGE\5)IRU
SUHGLFWLQJ7RWDO%$LQ$=ZDVLQWHUPHGLDWHWRWKDWRISUHGLFWLQJ/LYHDQG'HDG%$,QDOOVWXG\
DUHDV RPLWWLQJ LQWHQVLW\PHWULFV QRW VKRZQ GLG QRW JUHDWO\ DIIHFW YDULDQFH H[SODLQHGE\5)
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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PRGHOVSUHGLFWLQJ7RWDO%$
 
7DEOH/L'$50HWULFV6HOHFWHGIRU5)0RGHOV%DVHGRQ0,5DQG3HDUVRQU

6WXG\
DUHD 5HVSRQVH +HLJKW ,QWHQVLW\ 'HQVLW\ 7RSRJUDSKLF
$ODVND /LYH%$ 0RGHWK &9 VW!0HDQ6WUDW (OHY
 'HDG%$ 0D[&55 0HDQ6W'HY&9 6WUDW (OHY
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 'HDG%$ 0RGH6NHZ
WK  0D[0HDQ 6NHZ$$' 
VW!0RGH6WUDW (OHY6ORSH 6OS&RV$VS
 7RWDO%$
0LQ0D[6NHZ
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 /LYH%$ VW &9,4.XUW 6WUDW (OHY
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0HDQWKWK
&55 0HDQ.XUW$$' $OO!%+6WUDW (OHY
 'HDG%$
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WK&55
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7DEOH9DULDQFH([SODLQHGE\5)WR3UHGLFW3ORW/HYHO%DVDO$UHD5HVSRQVHV

6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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6WXG\DUHD 5HVSRQVH 1XPEHURISUHGLFWRUV 9DULDQFHH[SODLQHG
$ODVND /LYH%$  
 'HDG%$  
 7RWDO%$  
 /LYH%$  
 'HDG%$  
$UL]RQD /LYH%$  
 'HDG%$  
 7RWDO%$  
 /LYH%$  
 'HDG%$  
&RORUDGR /LYH%$  
 'HDG%$  
 7RWDO%$  
 /LYH%$  
 'HDG%$  
,GDKR /LYH%$  
 'HDG%$  
 7RWDO%$  
 /LYH%$  
 'HDG%$  
2UHJRQ /LYH%$  
 'HDG%$  
 7RWDO%$  
 /LYH%$  
 'HDG%$  

4. Discussion 

:H DWWULEXWH WKH ORZHU YDULDQFH H[SODLQHG IRU 'HDG %$ FRPSDUHG WR /LYH %$ WR JUHDWHU
SHQHWUDWLRQRIWKHFDQRS\E\ODVHUSXOVHVDIWHUQHHGOHVGURSIURPGHDGWUHHVDQGWKXVDOHVVHU
DPRXQWRILQIRUPDWLRQWKDQZRXOGEHUHIOHFWHGIURPDJUHHQRUUHGFDQRS\RIWKHVDPHKHLJKW
7UHHFRQGLWLRQFDOOVOLYHRUGHDGDWWKHWLPHRIILHOGSORWFKDUDFWHUL]DWLRQGLGQRWFRLQFLGHZLWK
WKHWLPHRI/L'$5DFTXLVLWLRQWKXVZHGRQRWNQRZZKHWKHUG\LQJRUGHDGWUHHVZHUHJUHHQ
UHGRUJUH\ZKHQ WKH/L'$5ZDVFROOHFWHG7HPSRUDOPLVPDWFKHVEHWZHHQILHOGDQG/L'$5
GDWD FROOHFWLRQV DUH OLNHO\ JUHDWHU LQ$. DQG25 EHFDXVH RQO\ VRPH ),$ RU &96 SORWV DUH
FKDUDFWHUL]HGLQDJLYHQ\HDU

%DVHG RQ WKLV SUHOLPLQDU\ DQDO\VLV ZH FRQFOXGH WKDW LW PD\ EH GLIILFXOW WR JHQHUDOL]H D
FRQVLVWHQWVXEVHWRI/L'$5PHWULFVWKDWZRUNDFURVVWKHVHGLIIHUHQWDIIHFWHGIRUHVWHFRV\VWHPV
WR SUHGLFW EDUN EHHWOH HIIHFWV RQ %$ ,W LV PRUH OLNHO\ WKDW ZH PD\ EH DEOH WR JHQHUDOL]H
DQDO\WLFDO DSSURDFKHV LI QRW VSHFLILF PHWULFV ,Q IXWXUH ZRUN ZH ZLOO LQFOXGH GLVWXUEDQFH
YHFWRUVGHULYHGIURP/DQGVDWLPDJHWLPHVHULHVLQWKHDQDO\VLV WRPRUHDFFXUDWHO\SUHGLFW WKH
%$ UHVSRQVH YDULDEOHV ,QWHJUDWLQJ WHPSRUDO GLVWXUEDQFH YHFWRUV IURP /DQGVDW ZLWK DLUERUQH
/L'$5 PHWULFV WKDW FDSWXUH ILQH VSDWLDO GHWDLO VKRXOG SURYH D PRUH SRZHUIXO DSSURDFK IRU
SUHGLFWLQJFDQRS\VWUXFWXUHHIIHFWVRIEDUNEHHWOHLQGXFHGWUHHPRUWDOLW\
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5. Conclusion 

7KLVDQDO\VLVWHVWHGWKHIHDVLELOLW\RISUHGLFWLQJERWK/LYHDQG'HDG%$LQEDUNEHHWOHDIIHFWHG
FRQLIHURXVIRUHVWVIURPGLVFUHWHUHWXUQ/L'$5:HIRXQGWKDW/L'$5GHULYHGKHLJKWLQWHQVLW\
GHQVLW\ DQG WRSRJUDSKLF PHWULFV H[SODLQHG PRUH YDULDQFH LQ /LYH %$ WKDQ 'HDG %$ DQG
XVXDOO\ WKHPRVWYDULDQFH LQ7RWDO%$ZKLFKZHFRQFOXGH LVGXH WR WKHJUHDWHU VHQVLWLYLW\RI
/L'$5WRQHHGOHGWUHHVWKDQWRJUH\WUHHV 

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Abstract  
 
&XUUHQW FOLPDWH SUHGLFWLRQV LQGLFDWH WKDW QRUWKHUQ KLJK ODWLWXGH HFRV\VWHPV ZLOO H[SHULHQFH VLJQLILFDQW
FKDQJHRYHUWKHQH[WFHQWXU\DQGEH\RQG7KLVZLOOOLNHO\LPSDFWIRUHVWVWUXFWXUHLQFOXGLQJDERYHJURXQG
ELRPDVV$*%DQGFDUERQIOX[HVLQERUHDOIRUHVWHFRV\VWHPV$OVRILUHIUHTXHQF\DQGVHYHULW\DUHERWK
H[SHFWHGWRLQFUHDVH OHDGLQJ WRIXUWKHULPSDFWVRQIRUHVWGLVWXUEDQFHDQGFDUERQIOX[HV&KDUDFWHUL]LQJ
DQGPRQLWRULQJ WKHVHFKDQJHV LQ IRUHVW VWUXFWXUH DQGFDUERQH[FKDQJH LV FULWLFDO WRXQGHUVWDQGLQJ WKHLU
LPSDFWVRQHFRV\VWHPSHUIRUPDQFH,Q$ODVNDZLWKLWVH[SDQVLYHDQGLQDFFHVVLEOHIRUHVWVUHPRWHVHQVLQJ
LV LQWHJUDOWRDQDFWLYHIRUHVWPRQLWRULQJV\VWHP7KLVVWXG\ OHYHUDJHVILHOGREVHUYDWLRQVDLUERUQH OLGDU
GDWD DQG GDWD IURP WKH VSDFHERUQH *HRVFLHQFH /DVHU $OWLPHWHU 6\VWHP */$6 WR JHQHUDWH WUHH DQG
VKUXE$*%HVWLPDWHVIRUWKH<XNRQ5LYHU%DVLQ<5%RI$ODVND8VLQJWKHVHREVHUYHGHVWLPDWHVDQG
PHWULFV FDOFXODWHG IURP WKH DLUERUQH OLGDU GDWD UHJUHVVLRQPRGHOV ZHUH GHYHORSHG WR SUHGLFW WUHH DQG
VKUXE$*%IRU WKHDLUERUQH OLGDUVWXG\DUHDV7KHPRGHOVZHUH WKHQDSSOLHG WR WKHIXOO VHWRIDLUERUQH
OLGDUGDWDWRJHQHUDWH$*%PDSVIRUWKHWZRVLWHV7KHDLUERUQHOLGDUGHULYHG$*%PDSVZHUHWKHQXVHG
WR EULGJH WKH ELRPDVV SUHGLFWLRQV IURP WKH ORFDO ILHOG REVHUYDWLRQV WR D ODUJHVFDOH DVVHVVPHQW IRU WKH
<5% UHO\LQJ SULPDULO\ RQ*/$6DQG/DQGVDW GDWD7RGHWHUPLQH WKH XWLOLW\ RI WKH*/$6EDVHG$%*
HVWLPDWHVIRUDVVHVVLQJELRPDVVFKDQJH*/$6DQG/DQGVDWGDWDZHUHDOVRDVVLPLODWHGZLWKLQWKH<5%WR
GHWHUPLQHELRPDVVORVVLQDUHDVEXUQHGGXULQJWKHVHYHUHDQGILUHVHDVRQV
 
1 Introduction  
 
1RUWKHUQ ODWLWXGHV DUH H[SHULHQFLQJ FKDQJLQJ FOLPDWHV DW JUHDWHUPDJQLWXGHV WKDQ RWKHU UHJLRQV RI WKH
JOREH 6RMD et al.  1HZ FOLPDWH SDWWHUQV ZLOO OLNHO\ DIIHFW WKH VWUXFWXUH GLVWULEXWLRQ DQG
FRPSRVLWLRQRIERUHDOYHJHWDWLRQFKDUDFWHULVWLFVLQQRUWKHUQODWLWXGHV6RMDet al. %DUUHWWet al. 
:RONHQ et al.  )XUWKHUPRUH FOLPDWH FKDQJHV DOVR LQIOXHQFH WKH GLVWXUEDQFH UHJLPH RI ERUHDO
UHJLRQV:LOGODQG ILUH LV D VLJQLILFDQW FDXVH RI YHJHWDWLRQ GLVWXUEDQFH LQPDQ\ ERUHDO UHJLRQV 5HFHQW
WUHQGV LQGLFDWH WKDWZLOGODQG ILUHV DUH RFFXUULQJZLWK LQFUHDVLQJ IUHTXHQF\ DQGZLWK JUHDWHU VHYHULW\ LQ
ERUHDO $ODVND .DVLVFKNH et al.  +RZ WKLV DOWHUHG ILUH UHJLPH ZLOO LQWHUDFW ZLWK IXWXUH FOLPDWH
FKDQJHSDWWHUQVDQGRWKHUVRXUFHVRIODQGVFDSHGLVWXUEDQFHVXFKDVLQVHFWLQIHVWDWLRQDQGVWRUPGDPDJHLV
QRW\HWZHOOXQGHUVWRRG

7RXQGHUVWDQG WKH SRWHQWLDO LQIOXHQFH RI D FKDQJLQJ ILUH UHJLPH RQ IXWXUH HFRV\VWHPFOLPDWH IHHGEDFN
F\FOHVLWLVQHFHVVDU\WRTXDQWLI\ELRPDVVORVVWRILUH.DVLVFKNHDQG+R\5HPRWHVHQVLQJKDVEHHQ
LQYDOXDEOHIRUTXDQWLI\LQJDERYHJURXQGELRPDVV$*%RYHUODUJHDQGSDUWLFXODUO\UHPRWHDUHDV/LGDU
LVHVSHFLDOO\ VXLWHG IRUGHULYLQJFDQRS\VWUXFWXUHDQG$*%LQIRUPDWLRQ /HIVN\ et al. +RZHYHU
VPDOOIRRWSULQW DLUERUQH OLGDU GDWD FROOHFWLRQV WKDW FDQ SURYLGH GHWDLOHG LQIRUPDWLRQ UHJDUGLQJ FDQRS\
VWUXFWXUHDUHUHODWLYHO\VSDUVHLQERUHDO$ODVND,QFRQWUDVWDYDLODEOHVSDFHERUQHGDWDDUHODUJHIRRWSULQW
DQGODFNVSDWLDOFRQWLQXLW\EXW
SURYLGH D VLJQLILFDQW QXPEHU RI VDPSOHV IURP ZKLFK WR GHULYH YHJHWDWLRQ VWUXFWXUH PHWULFV
'DWDFROOHFWHGE\WKHVSDFHERUQH*HRVFLHQFH/DVHU$OWLPHWHU6\VWHP*/$6KDYHEHHQXVHG
IRU FDQRS\ KHLJKW DQG $*% HVWLPDWLRQ HJ /HIVN\ et al.  %RXGUHDX et al. 
6HONRZLW] et al. 5HFHQWZRUNXVLQJ*/$6GDWDIURPLQWHULRU$ODVNDKDVGHPRQVWUDWHG
WKDW*/$6SDUDPHWHUVDUHXVHIXOLQGLFDWRUVRIEXUQVHYHULW\*RHW] et al.

,Q WKLV VWXG\ZH XVHG ERWK DLUERUQH DQG VSDFHERUQH OLGDU GDWD WRPDS$*%EHIRUH DQG DIWHU
VHYHUHILUHVHDVRQVWRTXDQWLI\WKHHIIHFWRIILUHRQ$*%7KHJRDOVZHUHWRGHULYHSUHDQG
SRVWILUHPDSVRI$*%XVLQJDFRPELQDWLRQRIDLUERUQHOLGDUDQG*/$6GDWDHVWLPDWHILUH
UHODWHG$*% ORVVHV LQ WKH<XNRQ5LYHU%DVLQRI$ODVND IRU WKH\HDUVDQGDQG
UHODWHWKHVHORVVHVWRILUHVHYHULW\7KHDQGILUHVHDVRQVZHUHKLJKO\VLJQLILFDQWIRU
LQWHULRU $ODVND LQ UHFHQW KLVWRU\ EHFDXVH RI WKH ODUJH DUHD EXUQHG  6KRXOG WKH ILUH UHJLPH
FRQWLQXHWRFKDQJHDVSUHGLFWHGVXFKILUHVHDVRQVPD\EHFRPHPRUHW\SLFDOLQWKHUHJLRQ

2 Study Area 

7KLVVWXG\IRFXVHVRQWKHVHFWLRQRIWKH<XNRQ5LYHU%DVLQ<5%ZLWKLQLQWHULRU$ODVND7KLV
SRUWLRQ RI WKH <5% HQFRPSDVVHV DSSUR[LPDWHO\  NP )LJXUH   $FFRUGLQJ WR WKH
1DWLRQDO/DQG&RYHU'DWDEDVH1/&'DOPRVWRI WKH ODQGDUHD LVFRYHUHGE\HYHUJUHHQ
IRUHVW DSSUR[LPDWHO\ E\ GHFLGXRXV IRUHVW DQG QHDUO\ E\PL[HG HYHUJUHHQGHFLGXRXV
IRUHVW$OPRVWRIWKHODQGFRYHUFRQVLVWVRIVKUXEODQGV:HWODQGVFRPSULVHDOPRVW
RI WKH ODQGFRYHUSULPDULO\ LQ WKHGHOWD UHJLRQ 7KH WHUUDLQYDULHVIURP WKHIODW SODLQVRI WKH
<XNRQ5LYHU WR VWHHS WHUUDLQ RI WKH%URRNV5DQJH WR WKH QRUWK DQG WKH$ODVND5DQJH WR WKH
VRXWK $FFRUGLQJWRWKH0RQLWRULQJ7UHQGVLQ%XUQ6HYHULW\07%6(LGHQVKLQN et al.
SURMHFWEHWZHHQDQGILUHVEXUQHGLQWKH<5%DIIHFWLQJRYHUPLOOLRQKD

)LJXUH<5%ODQGFRYHUZLWKORFDWLRQVRIGDWDVHWVDQGDQGILUHSHULPHWHUVRYHUOD\HG

3 Data 

3.1 Field sampling 
)LHOGGDWDZHUHFROOHFWHGLQWZRVWXG\DUHDVZLWKLQWKH<5%RQHLQWKH<XNRQ)ODWV(FRUHJLRQ
<)( DQG WKH RWKHU DORQJ 1RPH &UHHN 1& LQ WKH :KLWH 0RXQWDLQV  7KHVH WZR DUHDV
UHSUHVHQWDUDQJHRIYHJHWDWLRQDQGWRSRJUDSKLFFRQGLWLRQVIRXQGLQ WKH<5% 7KHILHOGGDWD
ZHUHFROOHFWHGLQWKHVXPPHUVRIDQGDWSORWV$WHDFKSORWEUHDVWKHLJKWVWHP
GLDPHWHUVDQGRUEDVDOGLDPHWHUVZHUHPHDVXUHGZKLFKZHUHXVHGWRGHULYH$*%IURPVSHFLHV
VSHFLILF DOORPHWULFHTXDWLRQV 7KH ILHOGGDWD FROOHFWLRQ DQG WKH WUHHDQG VKUXEELRPDVV$*%
HVWLPDWLRQDUHGHVFULEHGIXUWKHULQ-Let al.

3.2 Airborne lidar  
7KHDLUERUQHOLGDUGDWDZHUHFROOHFWHGLQPLG-XO\DQGHDUO\6HSWHPEHURILQWKH<)(DQG
LQ 2FWREHU  IRU 1& ZLWK DQ DLUERUQH 2SWHF $LUERUQH /DVHU 7HUUDLQ 0DSSHU $/70
*HPLQL DQG ZHUH GHOLYHUHG DV EDUHHDUWK DQG ILUVWUHWXUQ GLJLWDO VXUIDFH PRGHOV  7KH SRLQW
FORXGGDWDZHUHGHOLYHUHGZLWKUHWXUQVODEHOHGDVHLWKHUVXUIDFHRUFDQRS\UHWXUQV

3.3 GLAS  
*/$6 */$ ZDYHIRUP DQG */$ ODQGFDQRS\ HOHYDWLRQ IRRWSULQW ORFDWLRQV ILWWHG
*DXVVLDQVSURGXFWVZHUHGRZQORDGHGIRUWZR*/$6DFTXLVLWLRQFDPSDLJQV/FDQG/IERWK
UHOHDVH7KHVHDFTXLVLWLRQWLPHVFRUUHVSRQGHGWROHDIRQFRQGLWLRQVZLWKLQWKHVWXG\DUHD
7KH /F FDPSDLJQ FROOHFWHG SUHILUH GDWD EHWZHHQ 0D\  DQG -XQH    7KH /I
FDPSDLJQ FROOHFWHG GDWD EHWZHHQ 0D\  DQG -XQH   DIWHU WKH WZR VLJQLILFDQW ILUH
VHDVRQV $ WRWDORI*/$6IRRWSULQWV IURP/FZHUH ORFDWHG LQ WKH<5%DQG
IURP/I

3.4 Landsat 
$PRVDLF RISUHILUH/DQGVDW GDWDZDV GHYHORSHG IURP WKH*OREDO/DQG6XUYH\GDWDVHW
LQFRUSRUDWLQJ/DQGVDW VFHQHV IURP %RXFKDUG et al.  3RVWILUH/DQGVDW
GDWD ZHUH REWDLQHG IURP WKH:HE(QDEOHG /DQGVDW'DWD :(/' SURMHFW :(/' SURYLGHV
JULGGHGVHDVRQDODQGDQQXDOFRPSRVLWHVRI/DQGVDWGDWDRYHUWKHFRQWHUPLQRXV86DQG$ODVND
IRU  WKURXJK  5R\ et al.   )RU WKH SRVWILUH LPDJH PRVDLF D FRPSRVLWH ZDV
FUHDWHGE\VHOHFWLQJHDFKSL[HOZLWKWKHPD[LPXP1'9,IURPWKHWKURXJK:(/'
DQQXDOLPDJHV

3.5 MTBS 
:LOGODQGILUHSHULPHWHUDQGVHYHULW\GDWDZHUHREWDLQHGIURP07%6IRUDOOILUHVIURPDQG
ZLWKLQWKH<5%07%6PDSVZLOGILUHEXUQVHYHULW\DQGSHULPHWHUVDFURVVWKH86XVLQJ
/DQGVDWLPDJHU\IURPWRSUHVHQWDQGDUHZLGHO\XVHG9HFWRUVKDSHILOHVRIWKHSHULPHWHUV
ZHUHXVHGWRFRQVWUDLQWKHLQGLYLGXDOILUHDQDO\VHVDQGWKHFODVVLILHGEXUQVHYHULW\LPDJHVZHUH
XVHGWRFRPSDUHZLWK$*%FKDQJH

4 Analysis 

4.1 ALTM-derived AGB 
$VHWRIPHWULFVZHUHGHULYHGIURPWKH$/70SRLQWFORXGGDWDWRXVHDVGHSHQGHQWYDULDEOHVLQ
D PXOWLSOH OLQHDU UHJUHVVLRQ DQDO\VLV WR SUHGLFW $*% XVLQJ WKH ILHOG HVWLPDWHG $*% DV WKH
LQGHSHQGHQWYDULDEOH7KH$/70SRLQWFORXGGDWDZHUHGLYLGHGLQWR[PFHOOV)RUHDFK
FHOO WKH JURXQG HOHYDWLRQ ZDV FDOFXODWHG DV WKH DYHUDJH RI DOO UHWXUQV FODVVLILHG DW JURXQG
UHWXUQV 7KHKHLJKWRIHDFKFDQRS\ UHWXUQZLWKLQDFHOOZDVFDOFXODWHGUHODWLYH WR WKHJURXQG
HOHYDWLRQRIWKHJLYHQFHOO7KHPD[LPXPPHDQDQGFRYDULDQFHRIWKHFDQRS\KHLJKWVGHULYHG
IURPWKHOLGDUSRLQWFORXGDVZHOODVGHFLOHVRIFXPXODWLYHFDQRS\UHWXUQVE\KHLJKWZHUHDOVR
FDOFXODWHG $GGLWLRQDOO\GHQVLW\YDOXHV IRU WHQ OD\HUVZLWKLQ WKH FDQRS\SRUWLRQRI WKHSRLQW
FORXG ZHUH GHULYHG  7KH OD\HUV ZHUH GHILQHG E\ GLYLGLQJ WKH YHUWLFDO GLVWDQFH EHWZHHQ WKH
HOHYDWLRQRIWKHKLJKHVWUHWXUQDQGDPHOHYDWLRQWKUHVKROG7KHGHQVLWLHVIRUWKHLQGLYLGXDO
OD\HUVZHUHWKHQGHULYHGE\GLYLGLQJWKHQXPEHURIUHWXUQVDERYHWKHOD\HUHOHYDWLRQWRWKHWRWDO
QXPEHURI UHWXUQV )LQDOO\ZLWKLQ HDFKJULG FHOO WKH UDWLRRI FDQRS\ UHWXUQV DERYH VL[KHLJKW
WKUHVKROGV DW  P  P«  P DERYH JURXQG WR WKH WRWDO QXPEHU RI FDQRS\ UHWXUQV ZDV
FDOFXODWHG

8VLQJ WKH $/70 PHWULFV DQG WKH ILHOGHVWLPDWHG $*% YDOXHV D UHJUHVVLRQ PRGHO ZDV
GHYHORSHG WR SUHGLFW $*% IURP WKH $/70 GDWD XVLQJ D VWHSZLVH UHJUHVVLRQ DSSURDFK WR
LGHQWLI\ WKHPRVW SUHGLFWLYH RI WKH YDULRXV$/70PHWULFV  6HSDUDWH UHJUHVVLRQPRGHOVZHUH
GHYHORSHGIRUWKH<)(DQG1&VWXG\VLWHV7KHVHPRGHOVZHUHWKHQDSSOLHGWRWKH$/70GDWD
DWHDFKVLWHWRJHQHUDWHORFDOPDSVRIWUHHDQGVKUXE$*%

4.2 GLAS-derived AGB 
6HYHUDOTXDOLW\FRQWUROILOWHUVZHUHDSSOLHGWRWKH*/$6GDWDWRUHPRYHTXHVWLRQDEOHGDWDIURP
WKHDQDO\VLV %HFDXVHVWUXFWXUHUHWULHYDOFDQEHFRPSURPLVHGE\VORSHZDYHIRUPVIURPKLJK
VORSH !  ORFDWLRQVZHUH HOLPLQDWHG IURP WKH GDWD SRRO :DYHIRUPV UHWXUQHG IURP QRQ
IRUHVWHG ODQG FRYHU ZDYHIRUPV ZLWK D KLJK EDFNJURXQG QRLVH VWDQGDUG GHYLDWLRQ DQG
ZDYHIRUPVILWZLWKDVLQJOH*DXVVLDQZHUHH[FOXGHG

$ VHW RI PHWULFV ZDV GHULYHG IURP WKH */$6 ZDYHIRUPV WR XVH DV SUHGLFWRU YDULDEOHV LQ D
PXOWLSOHOLQHDUUHJUHVVLRQWRHVWLPDWH$*%SUHDQGSRVWILUH&DQRS\KHLJKWZDVGHULYHGIURP
WKH*/$6ZDYHIRUPVE\LGHQWLI\LQJWKHILUVWVLJQDODERYHDEDFNJURXQGQRLVHWKUHVKROGDVWKH
FDQRS\ WRS DQG WKH SHDN RI WKH VWURQJHVW UHWXUQ DV WKH JURXQG DQG GLIIHUHQFLQJ WKH WZR
HOHYDWLRQV &DQRS\FRYHUZDVGHULYHGE\UHODWLQJWKHHQHUJ\UHWXUQHGIURPWKHFDQRS\WRWKH
WRWDOHQHUJ\LQWKHZDYHIRUP7KHTXDUWLOHPHWULFVZHUHFDOFXODWHGIURPWKHFXPXODWLYHHQHUJ\
RIWKHUHWXUQHGZDYHIRUPV

%HFDXVH QR */$6 IRRWSULQWV ZHUH FRLQFLGHQW ZLWK WKH ILHOG GDWD H[WUDFWHG YDOXHV IURP WKH
$/70GHULYHG$*%PDSV IRU HDFK FRLQFLGHQW IRRWSULQWZHUH XVHG DV WKH GHSHQGHQW GDWD WR
WUDLQWKHUHJUHVVLRQPRGHOV$OO*/$6PHWULFVZHUHXVHGDVWKHLQGHSHQGHQWYDULDEOHV$IWHU
ILOWHULQJIRRWSULQWV UHPDLQHG WREXLOGWKHSUHILUH$*%PRGHODQGIRRWSULQWV WREXLOG
WKHSRVWILUHPRGHO7KHUHJUHVVLRQPRGHOVZHUHXVHGWRFDOFXODWH$*%IRUHDFK*/$6IRRWSULQW
ZLWKLQWKH<5%DUHDWKDWSDVVHGWKHTXDOLW\FRQWUROILOWHUVIRU/FDQGIRU/I

$ UHJUHVVLRQ WUHH PRGHO ZDV XVHG WR H[WUDSRODWH */$6EDVHG WUHH DQG VKUXE $*% YDOXHV
EH\RQG GLVFUHWH IRRWSULQW ORFDWLRQV DQG GHULYH $*% PDSV IRU DOO RI WKH <5% VWXG\ DUHD
5HJUHVVLRQWUHHDQDO\VLVSDUWLWLRQVWKHLQIRUPDWLRQVSDFHLQWRVXEVSDFHVWRRSWLPL]HSUHGLFWLRQ
5HJUHVVLRQ WUHHV DOORZ PRUH SUHFLVH PRGHOLQJ RI FRPSOH[ QRQOLQHDU V\VWHPV WKDQ VWDQGDUG
PXOWLSOHUHJUHVVLRQVFDQSURYLGHXQGHUVWDQGLQJRIWKHPHFKDQLVPVWKDWFRQWUROWKHUHODWLRQVKLSV
EHWZHHQWKHLQGHSHQGHQWDQGGHSHQGHQWYDULDEOHVPLWLJDWHFROLQHDULW\DQGRSWLPL]HVDPSOLQJ
IRU VFDOLQJ UHODWLRQVKLSV IURP ILHOG VFDOH WR ODUJHU DUHDV +HUH WZR UHJUHVVLRQ WUHHV ZHUH
JHQHUDWHGDILUVWXVLQJWKHSUHILUH/DQGVDWPRVDLFDQG*/$6GDWDDQGDVHFRQGXVLQJSRVWILUH
LPDJHU\DQG*/$6GDWD$GGLWLRQDOSUHGLFWRUYDOXHVWKDWZHUHWKHVDPHIRUERWKPRGHOVZHUH
HOHYDWLRQVORSHDVSHFWDQGWKH1/&'ODQGFRYHUGDWD

4.3 Pre- and postfire AGB comparison 
7KH */$6GHULYHG SUH DQG SRVWILUH $*% GDWD ZHUH GLIIHUHQFHG WR HVWLPDWH WKH FKDQJH LQ
$*%7KH07%6ILUHSHULPHWHUGDWDZHUHXVHGWRLGHQWLI\DQGH[WUDFWVXEVHWVIURPWKH$*%
GLIIHUHQFH YDOXHV IRU HDFK ILUH DQG WKH PHDQ RI WKH $*% GLIIHUHQFH YDOXHV ZDV FDOFXODWHG
7KHVH PHDQ YDOXHV ZHUH FRPSDUHG WR WKH 07%6 EXUQ VHYHULW\ GDWD  7KH07%6 KLJK DQG
PRGHUDWHEXUQVHYHULW\FODVVHVZHUHFRPELQHGDQGWKHSHUFHQWDUHDZLWKLQHDFKILUHUHSUHVHQWHG
E\WKHFRPELQHGFODVVZDVFDOFXODWHG 7KHILUHVZHUHWKHQVSOLWLQWRWZRJURXSVWKRVHZKHUH
RIWKHDUHDIHOOLQWRWKHKLJKWRPRGHUDWHEXUQVHYHULW\FODVVDQGWKRVHZKHUH!RIWKH
DUHDIHOOLQWRWKLVFODVV7KHGLVWULEXWLRQVRIPHDQ$*%GLIIHUHQFHYDOXHVIRUWKHWZRFODVVHV
ZHUHJHQHUDWHGDQGDQDQDO\VLVRIYDULDQFHZDVSHUIRUPHGWRGHWHUPLQHLIWKH\ZHUHVWDWLVWLFDOO\
GLIIHUHQW $TXDOLWDWLYHDVVHVVPHQWRIWKHVSDWLDOGLVWULEXWLRQRIWKH$*%GLIIHUHQFHYDOXHVDV
FRPSDUHGWRWKHEXUQVHYHULW\GDWDZDVVKRZQXVLQJWKH/RZHU0RXWK)LUHORFDWHGLQWKH
<)(DVDQH[DPSOH

5 Results 

5.1 ALTM-derived AGB 
7KHILQDOPRGHOLGHQWLILHGWKURXJKVWHSZLVHUHJUHVVLRQDQDO\VLVIRUHVWLPDWLQJ$*%IURPWKH
$/70GDWDLQWKH<)(WRRNWKHIROORZLQJIRUP

 $*% SGGUUU 

ZKHUH SZDV WKH WK GHFLOH KHLJKW G DQG G DUH WKH GHQVLWLHV IRU WKH WK DQG VW FDQRS\
OD\HUV DQG U U DQG U DUH WKH FDQRS\ UDWLR YDOXHV DW  P  P DQG  P DERYH JURXQG
HOHYDWLRQUHVSHFWLYHO\7KHPRGHOKDGDQDGMXVWHG5RIDQGDUHVLGXDOVWDQGDUGHUURURI
0JKDPHDQ 0JKDDQGZDVXVHGWRJHQHUDWHWKH<)($/70EDVHGPDSRI$*%
)RU1&WKHILQDOUHJUHVVLRQPRGHOWRRNWKHIROORZLQJIRUP

 $*% ±PD[KWU 

ZKHUHPD[KWZDVWKHPD[LPXPFDQRS\KHLJKW 7KHPRGHOKDGDQDGMXVWHG5RIDQGD
UHVLGXDOVWDQGDUGHUURURI0JKDPHDQ 0JKDDQGZDVXVHGWRJHQHUDWHWKH1&
$/70EDVHGPDSRI$*%
 
5.2 GLAS-derived AGB 
7KHILQDOPRGHOVLGHQWLILHGWKURXJKVWHSZLVHUHJUHVVLRQDQDO\VLVIRUHVWLPDWLQJSUHDQGSRVWILUH
$*%IURPWKH$/70$*%PDSVDQG*/$6ZDYHIRUPPHWULFVGDWDWRRNWKHIROORZLQJIRUPV

 $*%SUH TT 

ZKHUHTDQGTZKHUHWKHWKDQGWKTXDUWLOHKHLJKWVRIFXPXODWLYHFDQRS\HQHUJ\DQG

 $*%SRVW TT 

ZKHUHTZDVWKHWKTXDUWLOHKHLJKWRIFXPXODWLYHFDQRS\HQHUJ\7KHSUHILUHPRGHOKDGDQ
DGMXVWHG5RIDQGDUHVLGXDOVWDQGDUGHUURURI0JKDPHDQ 0JKDDQGZDV
XVHGWRFDOFXODWHSUHILUH$*%IRUWKH/FIRRWSULQWV7KHSRVWILUHPRGHOKDGDQDGMXVWHG5RI
DQGDUHVLGXDOVWDQGDUGHUURURI0JKDPHDQ 0JKDDQGZDVXVHGWRFDOFXODWH
SRVWILUH$*%IRUWKH/IIRRWSULQWV7KHSUHDQGSRVWILUH$*%GDWDIRUWKH/RZHU0RXWK)LUH
DUHVKRZQLQ)LJXUH

5.3 Comparison of results by severity 
7KHGLVWULEXWLRQVRIPHDQ$*%GLIIHUHQFH YDOXHV IRU WKH WZRKLJKWRPRGHUDWH EXUQ VHYHULW\
JURXSVDUHVKRZQLQ)LJXUH 7KHDQDO\VLVRIYDULDQFHRIWKH$*%GLIIHUHQFHYDOXHVIRUWKH
EXUQ VHYHULW\ JURXSV UHVXOWHG LQ D SYDOXH RI  LQGLFDWLQJ WKDW WKH\ DUH VLJQLILFDQWO\
GLIIHUHQW DW  FRQILGHQFH 7KH FRPSDULVRQ RI WKH$*%GLIIHUHQFH DQG EXUQ VHYHULW\ GDWD
VKRZHG ERWK DUHDV RI DJUHHPHQW DQG GLVDJUHHPHQW )LJXUH   $Q DUHD UXQQLQJ HDVWZHVW
WKURXJKWKHFHQWHURIWKHILUHLVSUHGRPLQDQWO\FODVVLILHGDVKLJKRUPRGHUDWHVHYHULW\ DQG WKH
$*%GLIIHUHQFH LPDJHVKRZVKLJKHUFKDQJHYDOXHV LQ WKLV UHJLRQ  ,QFRQWUDVWDQDUHD LQ WKH
QRUWKHDVWVHFWLRQRIWKHILUHLVFODVVLILHGODUJHO\DVKLJKRUPRGHUDWHVHYHULW\EXWKDVORZ$*%
GLIIHUHQFHYDOXHV0RVWRWKHUDUHDVZLWKORZHUYDOXHVRI$*%GLIIHUHQFHFRUUHVSRQGUHODWLYHO\
ZHOOZLWKORZRUPRGHUDWHEXUQVHYHULW\


 
)LJXUH3UHDQGSRVWILUH$*%$*%FKDQJHDQGEXUQVHYHULW\IRUWKH/RZHU0RXWK)LUH
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)LJXUH'LVWULEXWLRQVRIPHDQ$*%FKDQJHSHUILUHVHSDUDWHGE\EXUQVHYHULW\FODVV
 
6 Discussion and Conclusion 

/LGDU GDWD KDYH EHHQ XVHG IRU $*%PDSSLQJ IRU ERUHDO UHJLRQV  )RU H[DPSOH 1 VVHW DQG
*REDNNHQXVHGDLUERUQHOLGDUGDWDWRDVVHVVDERYHDQGEHORZJURXQGELRPDVVIRUIRUHVWV
LQ1RUZD\H[SODLQLQJRIWKHYDULDELOLW\1 VVHWet al.FRQGXFWHG$*%DVVHVVPHQWV
DWGLIIHUHQW ODQGVFDSHVFDOHV IRUGLIIHUHQW IRUHVWFODVVHV LQ1RUZD\XVLQJ OLGDU UHVXOWLQJ LQ5
YDOXHVEHWZHHQDQG*/$6GDWDKDYHDOVREHHQXVHGIRU$*%HVWLPDWLRQLQDYDULHW\
RIELRPHV/HIVN\et al.XVHGFDQRS\KHLJKWHVWLPDWHVIURP*/$6DQGILHOGREVHUYDWLRQV
IURP 7HQQHVVHH 2UHJRQ DQG %UD]LO WR SUHGLFW $*%  7KH PRGHO H[SODLQHG  RI WKH
YDULDELOLW\ZLWK DQ506(RI 0JKD +HOPHUet al. XVHG*/$6GDWDZLWK RWKHU
LQSXWGDWDWRDVVHVVELRPDVVFKDQJHIRUDWURSLFDOIRUHVWLQ%UD]LO7KHREVHUYHGUDWHRIELRPDVV
DFFXPXODWLRQPDWFKHG ZHOO ZLWK WKRVHPRGHOHG  %RXGUHDX et al.  LQWHJUDWHG DLUERUQH
OLGDUDQG*/$6WRFRQGXFWDUHJLRQDOELRPDVVDVVHVVPHQWLQ4XpEHFDFKLHYLQJDQ5RI
 
7KH YHJHWDWLRQ VWUXFWXUH GDWD SURYLGHG E\*/$6 KDYH EHHQ XVHG IRU D YDULHW\ RI HFRV\VWHP
VWXGLHVDQGDUHFULWLFDOWRODUJHDUHDYHJHWDWLRQVWUXFWXUHPDSSLQJHIIRUWVDVWKH\UHSUHVHQWWKH
RQO\JOREDOO\DYDLODEOHOLGDUREVHUYDWLRQV +RZHYHU WKHODUJHIRRWSULQWVL]HRI*/$6P
UHGXFHV WKHSUHFLVLRQRI WKHREVHUYDWLRQV FRPSDUHG WR VPDOOIRRWSULQW DLUERUQH V\VWHPV  )RU
H[DPSOHWKHGHWDLOLVQRWILQHHQRXJKWRSURYLGHWKHGDWDQHFHVVDU\IRUIXOILOOLQJUHTXLUHPHQWV
IRU 5HGXFLQJ (PLVVLRQV IURP 'HIRUHVWDWLRQ DQG )RUHVW 'HJUDGDWLRQ PRQLWRULQJ  6WLOO
YHJHWDWLRQ VWUXFWXUH FKDQJH LQIRUPDWLRQ REWDLQDEOH IURP */$6 HVSHFLDOO\ ZKHQ XVHG LQ
FRQMXQFWLRQZLWKRWKHUUHPRWHVHQVLQJGDWDFDQSURYLGHDPRUHUHDOLVWLFUHSUHVHQWDWLRQRIODUJH
VFDOHYHJHWDWLRQVWUXFWXUHSDWWHUQVWKDWWKRVHPDGHIURPILHOGREVHUYDWLRQVDORQH

*LYHQFXUUHQWFOLPDWHFKDQJHSUHGLFWLRQVZLOGODQGILUHZLOOFRQWLQXHWREHDVLJQLILFDQWLVVXHLQ
$ODVND DQG RWKHU ERUHDO UHJLRQV  &RQVLVWHQW KLJKTXDOLW\ GDWD DUH QHHGHG DV LQSXWV IRU
PRGHOLQJ IXWXUH VFHQDULRV WR XQGHUVWDQG WKH PDJQLWXGH RI FDUERQ UHOHDVH GLUHFWO\ WKURXJK
FRPEXVWLRQ DQG WKURXJK VHFRQGDU\ HIIHFWV VXFK DV SHUPDIURVW ORVV DQG FKDQJH LQ YHJHWDWLRQ
VWUXFWXUH DQG FRPSRVLWLRQ :KLOH DGGLWLRQDO ZRUN LV QHFHVVDU\ WR XQGHUVWDQG XQGHUO\LQJ
SURFHVVHV DQG VRXUFHV RI HUURU LQ GHYHORSLQJ WKH $*% GDWD OD\HUV WKH ZRUN SUHVHQWHG KHUH
VKRZVKRZ*/$6GDWDFDQFRQWULEXWHWRGHYHORSLQJDPRUHFRPSOHWHSLFWXUHRIWKHHIIHFWVRI
ZLOGODQGILUHRQWKH$ODVNDQODQGVFDSH,QWKH/RZHU0RXWK)LUHH[DPSOHWKHUHLVFRQVLGHUDEOH
DJUHHPHQWEHWZHHQDUHDVFODVVLILHGDVKLJKDQGPRGHUDWHEXUQVHYHULW\DQGDUHDVLGHQWLILHGDV
KDYLQJ D PRGHUDWH WR KLJK FKDQJH LQ $*%  7KHVH DUHDV FRUUHVSRQG WR DUHDV PDSSHG DV
HYHUJUHHQ IRUHVWE\1/&' 7KH DUHDVRIGLVDJUHHPHQWZKHUH$*%FKDQJH LV ORZDQGEXUQ
VHYHULW\LVKLJKDUHPDSSHGDVGHFLGXRXVIRUHVW7KLVPD\LQGLFDWHDKLJKHUQXPEHURIVWHPV
OHIWVWDQGLQJSRVWILUHLQWKHGHFLGXRXVUHJLRQ6XFKLQIRUPDWLRQFDQKHOSLGHQWLI\ZKLFKDUHDV
H[SHULHQFHGFURZQILUHDQGZKLFKGLGQRWDQGPD\EHDQLQGLFDWRURISRVWILUHUHFRYHU\

7KLVVWXG\GHPRQVWUDWHGKRZDFRPELQDWLRQRI*/$6DLUERUQHOLGDUDQGLPDJHU\FDQEHXVHG
WRDVVHVVELRPDVVFKDQJHLQWKH<5%LQUHVSRQVHWRZLOGODQGILUH7RDGYDQFHWKHVHUHVHDUFK
HIIRUWVDGGLWLRQDOILHOGZRUNLVSODQQHGIRUWKDWZLOOFROOHFWJURXQGGDWDFRLQFLGHQWZLWK
*/$6IRRWSULQWVRYHUDYDULHW\RIYHJHWDWLRQDQGVORSHFRQGLWLRQVLQWKH<5%7KHVHZLOOEH
XVHGWRLPSURYHELRPDVVHVWLPDWLRQDQGGHYHORSDPRUHUREXVWDFFXUDF\DVVHVVPHQW

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Tree Height and Species Estimation Methods for Airborne Laser 
Scanning in a Forest Reserve 

*p]D.LUiO\*iERU%UROO\	3pWHU%XUDL

8QLYHUVLW\RI:HVW+XQJDU\'HSWRI6XUYH\LQJDQG5HPRWH6HQVLQJ
NLUDO\JH]D#HPNQ\PHKX
8QLYHUVLW\RI:HVW+XQJDU\'HSWRI6XUYH\LQJDQG5HPRWH6HQVLQJ
JEUROO\#HPNQ\PHKX
9,78.,(QYLURQPHQWDODQG:DWHU0DQDJHPHQW5HVHDUFK,QVWLWXWHQRQSURILW/WG
.iURO\5yEHUW&ROOHJH,QVWLWXWHRI$JURLQIRUPDWLFVDQG5XUDO'HYHORSPHQW
SEXUDL#JPDLOFRP

3DSHU1XPEHU  6/

$OHDYHVRQDQGDOHDYHVRIIIXOOZDYHIRUPDLUERUQHODVHUVFDQQLQJFDPSDLJQZDVFDUULHGRXWLQ
D IRUHVW UHVHUYH 'LIIHUHQW NLQGV RI WHUUDLQ DQG FURZQ SRLQWILOWHULQJ DFFRUGLQJ WR WKH IXOO
ZDYHIRUP LQIRUPDWLRQ KDYH EHHQ WHVWHG 6HYHUDO LQWHUSRODWLRQ DQG VPRRWKLQJPHWKRGV KDYH
EHHQDGDSWHG IRU WKHEHVW'LJLWDO6XUIDFH0RGHO IRUVLQJOH WUHHWRSGHWHUPLQDWLRQ6LQJOH WUHH
KHLJKWVKDYHEHHQHVWLPDWHGZKHQWKHUHZDVVXIILFLHQWFURZQGHOLQHDWLRQZKLOHWKHKHLJKWVRID
JURXSRIWUHHVKDYHEHHQGHWHUPLQHGRWKHUZLVH2XUSUHYLRXVWHUUHVWULDOODVHUVFDQQLQJGDWDVHWV
ZHUH XVHG WR GHWHUPLQH VWHP ORFDWLRQV DQG OHDQLQJV DV WKH EDVLV IRU WUHHWRS HVWLPDWLRQ7KH
GDWDVHWSURGXFHGILYH\HDUVDJRDOVRVHUYHGDVDUHIHUHQFHFRQFHUQLQJKHLJKWJURZWK

7KHRULJLQDOSRLQWFORXGLQVLGHWKHGHOLQHDWHGFURZQZDVDQDO\VHGWRGHWHUPLQHWKHKHLJKW7KH
IXOOZDYHIRUPLQIRUPDWLRQRIWKHVHSRLQWVIRUPLQJDFURZQZDVLQYHVWLJDWHGWRHVWLPDWHWKHWUHH
VSHFLHV7KHUHVXOWVKDYHEHHQFRPSDUHGWRPXOWLVSHFWUDO:RUOG9LHZLPDJHU\FODVVLILFDWLRQ
7KHUHVXOWVVKRZHGYHU\SURPLVLQJEDVLFFODVVLILFDWLRQSRVVLELOLWLHVRQDJURXSRIVSHFLHV7KH
PHWKRGZDVDOVRVXLWDEOHIRUWKHGHWHFWLRQRIVWDQGLQJGHDGRUG\LQJWUHHVZKLFKLVWKHEDVLVIRU
JDSGHYHORSPHQW

7KHOHDYHVRIIGDWDVHWLVPRUHVXLWDEOHIRUWKHVLQJOHWUHHFURZQGHOLQHDWLRQ7KHGDWDVHWVIURP
GLIIHUHQW SKHQRORJLFDO SKDVHV PDNH WKH VSHFLHV GHWHUPLQDWLRQ PXFK PRUH DFFXUDWH E\ IDFWRU
 )XUWKHU LQWHJUDWLRQ RI WKH LPDJHU\ GDWD FDQ IXUWKHU HQKDQFH WKH DFFXUDF\ RI WKH
FODVVLILFDWLRQ


1. Introduction 

1HZ UHPRWHO\ VHQVHG GDWD KDYH EHHQ JDWKHUHG UHFHQWO\ DERXW D IRUHVW UHVHUYHZKHUH VHYHUDO
SUHYLRXVO\VXUYH\HGUHIHUHQFHGDWDZHUHDYDLODEOH7KHPDLQDLPZDVWRH[WUDFWLQIRUPDWLRQ
IURP WKHVH QHZGDWD DQG  WR HVWDEOLVK D FRQQHFWLRQ EHWZHHQ WKLV QHZ LQIRUPDWLRQ DQG WKH
SUHYLRXVPRVWO\WHUUHVWULDOGDWD

7KHUH KDYH EHHQ D QXPEHU RI SXEOLFDWLRQV RQ LQGLYLGXDO WUHH GHWHFWLRQ IRU WKH SDVW GHFDGH
.DDUWLQHQHWDOSURYLGHGDYHU\JRRGRYHUYLHZDQGDFRPSDULVRQRIWKHH[LVWLQJPHWKRGV
DQGWKHLUDFFXUDF\+RZHYHUZHKDYHQRWIRXQGDQ\SXEOLFDWLRQVRQWKHOLQNLQJRIWKHUHVXOWVRI
WUHHGHWHFWLRQDQGILHOGUHIHUHQFHVLQWKHFDVHRIOHDQLQJWUHHV7KLVLVWKHUHDVRQZK\ZHKDYH
WULHG WR IXUWKHU GHYHORS RXU SUHYLRXVPHWKRG .LUiO\ HW DO  ZLWK WKH DLP RI OLQNLQJ RXU
UHVXOWVWRWKHWHUUHVWULDOUHIHUHQFHGDWD

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/RFDWLQJ WUHHV IURP$/6GDWD LV IXWXUH WRSLF IRU UHVHDUFKRQ IRUHVW VWHPG\QDPLFV DVQDWXUDO
SURFHVVHVFDQEHHYDOXDWHGRQLQGLYLGXDOWUHHVRYHUODUJHDUHDV.DDUWLQHQHWDOSURYLGH
DQ H[WHQVLYH RYHUYLHZ RQ H[LVWLQJ DOJRULWKPV DLPLQJ DW VWHP GHWHFWLRQ IURP $/6 GDWD
+RZHYHU WKH WUHH WRS GHWHFWLRQ LV VWLOO FKDOOHQJLQJ DQG IXUWKHU VWXGLHV DUH QHHGHG WR ILQG
DOJRULWKPV WKDW FDQ H[SORLW WKH IXOO DGYDQWDJHV RI GHWDLOHG VXUIDFHPRGHOV IURP KLJK GHQVLW\
ODVHUVFDQV

7KHSKHQRORJLFVWDWHRIGHFLGXRXVDQGPL[HGVWDQGVVWURQJO\DIIHFWVWKHTXDOLW\RI'70'60
DQG DGGLWLRQDO LQIRUPDWLRQ WR EH H[WUDFWHG IURP $/6 GDWD 7KURXJK WKH FRPELQDWLRQ RI
IXOOZDYHIRUP VFDQV UHFRUGHG LQ WKH OHDIRII DQG OHDIRQ VWDWH SKHQRORJLF FKDUDFWHULVWLFV RI
WUHHVFDQEHFRQVLGHUHG7KLVDGGLWLRQDOLQIRUPDWLRQFDQEHXVHGIRUWKHFODVVLILFDWLRQRIVSHFLHV
JURXSVDQGWRHQKDQFHWKHGHOLQHDWLRQRILQGLYLGXDOWUHHV

$QLQGLYLGXDOWUHHPDSZLWKFRUUHVSRQGLQJKHLJKWHVWLPDWHVZHUHFUHDWHGEDVHGRQ7/6GDWDLQ
RXU SUHYLRXV UHVHDUFK VWXGLHV .LUiO\ 	 %UROO\  %UROO\ 	 .LUiO\  ZKHUH WUHH
SRVLWLRQV ZHUH ORFDWHG DW EUHDVW KHLJKW  PHWHUV DERYHJURXQG ,Q RUGHU WR EXLOG WKH
LQWHUFRQQHFWLRQEHWZHHQWKHWUHHSRVLWLRQVIURPWKHH[LVWLQJGDWDEDVHDQGWKHWUHHWRSVUHVXOWLQJ
IURPWKHHYDOXDWLRQRI$/6GDWDWKHFRUUHVSRQGLQJORFDWLRQVDUHWREHPDWFKHGZLWKUHJDUGWR
WKHORFDO'60PRUSKRORJ\DQGWKHOHDQLQJRIWKHVWHPV
 
2. Methods 
 
2.1 Study area 
 
7KH+XQJDULDQ)RUHVW5HVHUYH3URJUDPDQG1HWZRUNZDV LQLWLDWHGE\1*2V UHVHDUFKHUVDQG
PLQLVWHULDO VWDNHKROGHUV LQ WKH V 7KH QHWZRUN FRQVLVWV RI  IRUHVW UHVHUYHV ZKLFK
UHSUHVHQW WKH PRVW FKDUDFWHULVWLF VHPLQDWXUDO IRUHVW W\SHV RI +XQJDU\ DQG WKH 3DQQRQLDQ
UHJLRQWRSURWHFWDQGVWXG\QDWXUDORUVHPLQDWXUDOIRUHVWHFRV\VWHPV6HH)LJXUH+RUYiWKHW
DO

 
)LJXUH7KHRYHUYLHZPDSRIWKH)RUHVW5HVHUYHVLQ+XQJDU\
KWWSZZZHUGRUH]HUYDWXPKXNHSHNDWWHNLQWRB-3*

6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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6RPH RI WKHVH UHVHUYHV DUH VHOHFWHG IRU ORQJWHUP LQYHVWLJDWLRQV DQG D SHUPDQHQW VDPSOLQJ
QHWZRUNKDVEHHQHVWDEOLVKHG7KH)RUHVW5HVHUYH1RFDOOHGµ+LGHJYt]Y|OJ\¶&ROGFUHHN
YDOOH\VLWXDWHGLQWKH1RUWK:HVWFRUQHURI+XQJDU\ULJKWRQWKHERUGHURI$XVWULDLVDPRQJ
WKRVH VHOHFWHG7KLV UHVHUYH KDV D VPDOO  KD FRUH DUHD DQG D VPDOO KD EXIIHU DUHD
UHVXOWLQJLQDORZUDWLRRIRIEXIIHUFRUHZKHUHLVWKHVXJJHVWHGYDOXH%DUWKDDQG
(V]WyN  EXW RQH VLGH RI WKH DUHD LV H[SRVHG EHFDXVH RI WKH $XVWULDQ ERUGHU VHH DOVR
)LJXUH$EDQGRQHGROGEHHFKVWDQGVDUHWKHFKDUDFWHULVWLFW\SHLQWKH6RSURQ0RXQWDLQVZLWK
DERXW  PP DQQXDO SUHFLSLWDWLRQ DQG  & PHDQ DQQXDO WHPSHUDWXUH 6RPH LQWURGXFHG
VSUXFHVWDQGVDUHDOVRSUHVHQWEXWSHULVKLQJLQSDWFKHVGXHWREDUNEHHWOHGLVHDVH/HVVLYDWHG
DFLGLFQRQSRG]ROLFEURZQIRUHVWVRLOVZLWKVXUIDFHZDWHUJOH\DQGFROOXYLDOVRLOV IRUPHGRQ
JQHLVV DQG PLFD EHGURFN W\SLFDOO\ RFFXU RQ D VLGH VORSH RI D EURRN IORZLQJ 6RXWK RU
6RXWK(DVWZDUG+RUYiWKHWDOVHH)LJXUH

2.2 Reference data 
 
$UHJXODUPJULGRISHUPDQHQWVDPSOLQJSRLQWV363ZHUHSODQQHGDQGVHWXSLQWKH
VHOHFWHG IRUHVW UHVHUYH 2XU GHSDUWPHQW PDGH WKH 363 HVWDEOLVKPHQW LQ WKLV 1R  5HVHUYH
.LUiO\  LQ RUGHU WR JDLQ LQIRUPDWLRQ DERXW WKH SDWWHUQ DQG G\QDPLFV RI WKH WUHH
SRSXODWLRQVDQGVWDQGVWUXFWXUH)RXUPRGXOHVRIVWDQGDUGWKHPDWLFVXUYH\ZHUHLQWHUOLQNHGLQ
WKHVH363VVWDQGVWUXFWXUHLQFOXGLQJVWDQGLQJDQGO\LQJGHDGZRRGVDPSOLQJRIWKHVKUXEDQG
UHJHQHUDWLRQ OD\HU VDPSOLQJ RI JURXQG YHJHWDWLRQ DQG VLWH HYDOXDWLRQ:H SODQ WR UHVXUYH\
WKHVH363VLQ±\HDUVWRIROORZXSDQGHYDOXDWHQDWXUDOFKDQJHVLQWKHVHIRUHVWVWDQGV7KLV
DSSURDFKLVFDOOHG)25(67QHW±WKHVWDQGG\QDPLFDQGHFRORJLFDOREVHUYDWLRQQHWZRUNRI
QDWXUDOIRUHVWV

$ WHUUHVWULDO ODVHU VFDQQLQJ FDPSDLJQ ZDV GRQH LQ  DQG D FRXSOH RI DUWLFOHV KDYH EHHQ
SXEOLVKHGRQWKHWRSLFHJ.LUiO\HWDO.LUiO\DQG%UROO\%UROO\DQG.LUiO\
$GHWDLOHG VLQJOHWUHHEDVHGGDWDEDVHKDVEHHQFUHDWHG IURP ILHOG VXUYH\V DQG WHUUHVWULDO ODVHU
VFDQQLQJ7KHUHDUHVLQJOHWUHHVLQWKHUHIHUHQFHGDWDDURXQGRQH363DQGVLQJOHWUHHV
ZLWKIHZHUDWWULEXWHGDWDDURXQGDQRWKHU363VHH)LJXUH

2.3 Remote Sensing data 
 
5HFHQWO\WKHVWXG\DUHDKDVEHHQVXUYH\HGZLWK$LUERUQH/DVHU6FDQQLQJRQWZRRFFDVLRQVLQ
WKH IUDPH RI WKH&KDQJH+DELWDWV SURMHFW KWWSZZZFKDQJHKDELWDWVHX7KH SDUDPHWHUV RI
WKHVXUYH\VFDQEHIRXQGLQ7DEOH

7DEOH7KHSDUDPHWHUVRIWKH$LUERUQH/DVHU6FDQQLQJ6XUYH\V

3DUDPHWHU /HDYHVRQ /HDYHVRII
'DWH  
+$* aP aP
2YHUODS a a
$YHSRLQWGHQVLW\ SRLQWVP SRLQWVP
6HQVRU 5LHJO/064 5LHJO/064

$PRUHGHWDLOHGSLFWXUHLVSURYLGHGDERXWWKHSRLQWGHQVLW\DQGRYHUODSVLQ)LJXUH

6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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
 
)LJXUH7KHSRLQWGHQVLWLHVRIWKHVXPPHUOHIWDQGZLQWHUULJKWIOLJKW

7ZR:RUOG9LHZ LPDJHULHV ZHUH FROOHFWHG DGGLWLRQDOO\ RQ WKH WK RI $XJXVW  DQG D
K\SHUVSHFWUDOIOLJKWZDVFDUULHGRXWRQWKHWKRI$XJXVW7KHLPDJHVZHUHFROOHFWHGLQ
WKHIUDPHRIWKH5'SURMHFW7È023%.219

2.4 Creation of the Digital Elevation Models 

7KHEDVHGDWDVHW IRU FUHDWLQJ WKH'LJLWDO(OHYDWLRQ0RGHOZDV WKH\HDU OHDYHVRII DELW
GHQVHUVFDQQLQJGDWD


 
)LJXUH7KH'LJLWDO(OHYDWLRQ0RGHOWKH5HVHUYH¶VERUGHUDQGWKH363VRIWKHDUHD
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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)LUVWO\DILOWHULQJRIWKHLQSXWSRLQWVZDVDSSOLHGVHOHFWLQJWKHODVWHFKRVZKLFKDUHQDUURZHU
WKDQQVHFKRZLGWK7KHQWKHKLHUDUFKLFUREXVWLQWHUSRODWLRQRIWKH6&23VRIWZDUH.UDXV
DQG3IHLIHU%ULHVHHWDOZDVXVHGZLWKPJULGUHVROXWLRQ7KHUHVXOWLVVKRZQLQ
)LJXUH

7KHZDWHUVKHGZDVFDOFXODWHGEDVHGRQWKHQHZGLJLWDOHOHYDWLRQPRGHOVHHEOXHGRWWHGERUGHU
LQ)LJXUHEHFDXVHWKHRUHWLFDOO\LWVKRXOGFRLQFLGHZLWKWKHIURQWLHURI$XVWULDDQG+XQJDU\
RQWKH1:

2.5 Creation of the Digital Surface Models 
 
'LIIHUHQW LQWHUSRODWLRQDQG ILOWHULQJPHWKRGVKDYHEHHQDSSOLHG IRU WKH'LJLWDO6XUIDFH0RGHO
'607KHIROORZLQJ'60LQWHUSRODWLRQPHWKRGVZHUHDSSOLHG
 6QDS
 1HDUHVW1HLJKERXUV
 0RYLQJDYHUDJHKRUL]RQWDOSODQH
 0RYLQJSODQHVWLOWHGSODQH
 0DWFKLQJSDUDERORLGH
 6&23/,'$5'60
 6SOLQH

:H VWDUWHGZLWK WKH LQWHUSRODWLRQPHWKRGV DV GLIIHUHQW RSWLRQV LQ23$/6 0DQGOEXUJHU HW DO
$VQDSJULG LV WKHVLPSOHVWPHWKRG)RUHDFK$/6SRLQW WKHDSSURSULDWHJULGFHOO LV
GHWHUPLQHGDQGWKHKHLJKWRIWKH$/6SRLQWLVPDSSHGWRWKLVFHOO1HDUHVW1HLJKERXU±IRU
HDFKJULGFHOOWKHQHDUHVW$/6GDWDSRLQWLVTXHULHGIURPWKH2'0DQGWKHKHLJKWRIWKLVQHDUHVW
QHLJKERXUSRLQWLVPDSSHGWRWKHJULGFHOO0RYLQJDYHUDJH±IRUHDFKJULGFHOOQQHDUHVW$/6
SRLQWVDUHTXHULHGDQGWKHDYHUDJHKHLJKWRIDOOQSRLQWVLVPDSSHGWRWKHJULGFHOO0RYLQJ
SODQHV±IRUHDFKJULGFHOOWKHQQHDUHVW$/6SRLQWVDUHTXHULHGDQGWKHEHVWILWWLQJWLOWHGSODQH
PLQLPL]LQJ WKH YHUWLFDO GLVWDQFHV LV HVWLPDWHG7KH KHLJKW RI WKH UHVXOWLQJ SODQH DW WKH JULG
SRLQW[\SRVLWLRQLVPDSSHGWRWKHJULGFHOO23$/60DQXDO0RYLQJSDUDERORLGH±ZH
FRXOGQRWJHWDFRUUHFWUHVXOWIURP23$/6XVLQJYZLWKWKLVLQWHUSRODWLRQVRZHFUHDWHGRXU
RZQPDWFKLQJSDUDERORLGHLQWHUSRODWLRQ

2XU µPDWFKLQJ SDUDERORLGH¶PHWKRGZRUNV DV IROORZV )RU HDFK JULG FHOO ZH ILQG WKH SRLQWV
ZLWKLQ WKH VHDUFKUDGLXV WKHQFDOFXODWH WKH VWDWLVWLFVRI WKH VHOHFWHGSRLQWV UHPRYH WKHSRLQWV
EHORZ WKHPHDQı DQG WKH KLJKHVW SRLQW $IWHU WKDW ILOWHULQJ ZH FKHFN LI WKHUH DUH HQRXJK
SRLQWVLQDOOIRXUTXDGUDQWV,I\HVZHILWWKHSDUDERORLGHHTXDWLRQDQGLIQRZHILWD
SODQHWRDYRLGJDSVLQWKHLQWHUSRODWHGPRGHO




 \F[F\[F\F[FF\[I   

:KHUHFDUHWKHFRHIILFLHQWVRIWKHVHFRQGRUGHUVXUIDFH


MM
Q
M
M \[I]

  

0LQLPL]LQJ WKHYHUWLFDOGHYLDWLRQVRI WKHSRLQWV IURP WKH ILWWHGSDUDERORLGH UHVXOWV LQD OLQHDU
HTXDWLRQZLWKVL[XQNQRZQHOHPHQWV

7KHUHLVDQLQWHUSRODWLRQPHWKRGLQ6&23VRIWZDUHQDPHG/,'$5'60ZKLFKSURGXFHVD
VXUIDFHPRGHOZLWKMXVWRQHOHYHORIUREXVWILOWHULQJ.UDXVDQG3IHLIHU7KHODVWPHWKRG
ZDVD6SOLQHLQWHUSRODWLRQ$IWHUDYHU\VLPSOHSRLQWILOWHULQJZKHUHWKHVHFRQGKLJKHVWSRLQWV
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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IURPDOOILUVWHFKRHVKDGEHHQVHOHFWHGIRUHDFKJULGFHOODUHJXODULVHGVSOLQHLQWHUSRODWLRQZDV
DSSOLHGFUHDWLQJDPLQLPXPFXUYDWXUHVPRRWKVXUIDFH ZLWKDVPRRWKILUVWGHULYDWLYHVXUIDFH
WRRZKLFKSDVVHVH[DFWO\WKURXJKWKHGDWDSRLQWV)UDQNH

2.6 Segmentation of the crowns 

7KHQRUPDOLVHG'LJLWDO6XUIDFH0RGHOVQ'60RU&DQRS\+HLJKW0RGHO&+0ZHUHFUHDWHG
E\ WKH VLPSOH VXEWUDFWLRQ RI WKH PRGHOV0RVW RI WKH FDOFXODWLRQV ZHUH SHUIRUPHG DW  P
UHVROXWLRQ7KH LQYHUVHRI WKHQRUPDOLVHG'LJLWDO6XUIDFH0RGHOZDVQHFHVVDU\ IRUPRGHOOLQJ
WKHZDWHUVKHGVRWKHIROORZLQJHTXDWLRQZDVXVHG

'60'(0Q'60QHJ   

:KHUHQ'60QHJLVWKHLQYHUVHQ'60Q'60QHJDWH

$QLQYHUVHZDWHUVKHGPRGHOOLQJZDVDSSOLHGWRGHOLQHDWHLQGLYLGXDOWUHHFURZQV*RXJHRQ
.LUiO\ ,Q WKHVHZRUNVZHUHEDVHGRQYHU\KLJK UHVROXWLRQDHULDO LPDJHVZLWKDGHTXDWH
OLJKWLQJFRQGLWLRQV7UHDWLQJWKHLPDJHDVDQLQYHUVHGLJLWDO WHUUDLQPRGHOZKHUHWKHEULJKWHVW
SL[HOVDUHWKHORZHVWSRLQWVWKHLQGLYLGXDOWUHHFURZQVDUHWKHZDWHUVKHGVZKLFKFDQHDVLO\EH
VHSDUDWHGE\ZHOONQRZQDOJRULWKPV-HQVRQDQG'RPLQJXH7KHVHLPDJHEDVHGPHWKRGV
ZHUHDGDSWHGVXFFHVVIXOO\ZLWKDLUERUQH ODVHU VFDQQLQJGDWDZKHUH WKH WRSVRI WKH WUHHVZHUH
GHWHUPLQHGZLWKWKH'LJLWDO6XUIDFH0RGHO+\\SSlHWDO

7KHVLQNSRLQWRIDZDWHUVKHGZDVFRQVLGHUHGDVWKHWLSRIWKHWUHHDQGWKHZDWHUVKHGLWVHOIZDV
UHJDUGHGDVWKHFURZQRIWKHWUHHVHH)LJXUH


 
)LJXUH6KDGHGGHWDLORIDQQ'60ZLQWHUDQGWKHWUHHWLSVUHGDQGFURZQVF\DQRILQWHUSRODWLRQ
µ0DWFKLQJSDUDERORLGH¶

2.7 Tree height estimation 
 
7KH FRUHJLVWHULQJ RI WKH WUHH WLSV DQG FURZQV ZLWK WKH UHIHUHQFH GDWD SURYHG WR EH D YHU\
LPSRUWDQWEXWFRPSOLFDWHGVWHS2XUSUHYLRXVLQYHVWLJDWLRQVKDGVKRZQWKDWWKHOHDQLQJRIWKH
WUHH PDNHV WKLV VWHS FRPSOLFDWHG .LUiO\ DQG %UROO\  )RU WKLV UHDVRQ ZH XWLOLVHG WKH
PRGHOOHGWUXQNDQGLWVOHDQLQJDVDVLPSOHIXQFWLRQRIWKHKHLJKW%UROO\DQG.LUiO\DQG
IRXQG WKH QHDUHVW WUHH WLSV WR WKH SURMHFWHG WUHH WRS7KHUH DUH VHYHUDOZD\V WRGHWHUPLQH WKH
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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KHLJKWVDQGWKHPRVWFRPPRQZD\VXWLOLVLQJQ'60DUHDVIROORZV
6WDUWLQJIURPWKHURRWWHUUHVWULDOUHIHUHQFH
 7KHWUHHWLSLVULJKWDERYHWKHURRW
 )LQGWKHQHDUHVWIURPKRUL]RQWDOSRLQWRIYLHZWUHHWLSVLQNSRLQWWRWKHURRW
 3URMHFW WKH D[LV RI WKHPRGHOOHG WUXQN WR WKH'60 DQG WKHQ ILQG WKH QHDUHVW WUHH WLS
VLQNSRLQWWRWKDWLQWHUVHFWLRQ
6WDUWLQJIURPWKHWLSDLUERUQHUHIHUHQFH
 'HWHUPLQH WKHKHLJKW ULJKW IURP WKH'60 VWDUWLQJ IURP WKH WUHH WLS VLQNSRLQW DQG
ILQGWKHQHDUHVWWHUUHVWULDOUHIHUHQFHWUHH
 'HWHUPLQH WKH KHLJKW ULJKW IURP WKH'60 VWDUWLQJ IURP WKH WUHH WLS VLQNSRLQW WKH
FRUUHFWWHUUHVWULDOUHIHUHQFHLVDOUHDG\NQRZQ


 
)LJXUH&RPSDULVRQRIWKHGLIIHUHQWKHLJKWFDOFXODWLRQPHWKRGVUHYLVHGIURP.LUiO\HWDO

3OHDVHQRWHWKDWWKHUHFDQEHVLJQLILFDQWGLIIHUHQFHVEHWZHHQWKHVHKHLJKWVHYHQRQXQGXODWLQJ
DUHD1RDQG1R WRJHWKHUZLWK1R DQG1R FDQEH WKH VDPH VXSSRVLQJ WKHQHDUHVW
VLQNSRLQW LV LGHQWLFDO WR WKH RQH GHWHUPLQHG E\ WKH PRGHOOHG WUXQN 7KLV LV FRPPRQ ZLWK
DSSUR[LPDWHO\RIWKHWUHHV

2.8 Tree species estimation 
 
7KHIRXUPDLQWUHHVSHFLHVLQWKHUHVHUYHZKLFKDUHPRUHRUOHVVLQGRPLQDQWRUFRGRPLQDQW
VLWXDWLRQVDUH
 (XURSHDQ%HDFK)DJXVV\OYDWLFD
 6HVVLOH2DN4XHUFXVSHWUDHD
 1RUZD\6SUXFH3LFHDDELHV
 (XURSHDQ/DUFK/DUL[GHFLGXD
&HUWDLQFURZQVKDYHEHHQVHOHFWHG IURPHDFKVSHFLHVDVD WUDLQGDWDVHW IRU WKH IXOOZDYHIRUP
):) FODVVLILFDWLRQV 7KH$PSOLWXGH $PS DQG WKH (FKR:LGWK (:ZHUH XVHG IURP WKH
DYDLODEOH ):) LQIRUPDWLRQ RI WKH RULJLQDO SRLQW FORXG5HJXODU JULGEDVHG UHSUHVHQWDWLRQV RI
WKHVHDWWULEXWHV$PSDQG(:KDYHDOVREHHQFUHDWHG

6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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7KH(FKR:LGWKGRHVQRWVKRZDQ\VLJQLILFDQWGLIIHUHQFHEHWZHHQWKHVHPDLQWUHHVSHFLHVEXW
OHDYHVRII HFKRHV DUH JHQHUDOO\ D OLWWOH ELW QDUURZHU HJ  DQG  IRU EHDFK 7KH
$PSOLWXGHRIWKHWUDLQLQJFURZQVLVVKRZQLQ)LJXUH

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)LJXUH7KH$PSOLWXGHGLVWULEXWLRQVDQGVWDWLVWLFVIRUWKHPDLQGRPLQDQWWUHHVSHFLHVLQVXPPHU6DQG
ZLQWHU:ILUVWHFKRHV

7KHIROORZLQJVFDQEHVWDWHGFOHDUO\
 7KHEHDFKDQGRDNGHFLGXRXVWUHHVDUHYHU\FORVHWRHDFKRWKHUERWKLQVXPPHUDQG
ZLQWHUWLPH
 7KH VSUXFH KDV DOPRVW LGHQWLFDOPHDQYDOXHV LQ VXPPHU DQGZLQWHU EXW WKH VWDQGDUG
GHYLDWLRQLVPXFKKLJKHULQZLQWHU
 7KHPHDQYDOXHVRIODUFKRFFXUEHWZHHQWKHGHFLGXRXVDQGWKHVSUXFHERWKLQVXPPHU
DQGZLQWHU

$GXDOWKUHVKROGLQJDOJRULWKPZDVDSSOLHGRQWKHPHDQDPSOLWXGHYDOXHVZKLFKZHUHFDOFXODWHG
IRUWKHVHJPHQWHGFURZQVEDVHGRQVXPPHUDQGZLQWHUSRLQWV

3. Results and discussion 
 
7KH UHVXOWV DUH SUHVHQWHG LQ WKUHH FRQVHFXWLYH VXEVHFWLRQV 7KH ILUVW RQH LV FRQFHUQHG ZLWK
FURZQGHWHFWLRQZKLFKLVWKHEDVLVIRUWKHRWKHUWZRWKHKHLJKWDQGWKHVSHFLHVHVWLPDWLRQV

3.1 Crown detection 
 
7KHVXFFHVVRIWUHHWLSDQGFURZQGHWHFWLRQEDVLFDOO\GHSHQGVRQWKHTXDOLW\RI'60*HQHUDOO\
WKH PRUH GHYHORSHG LQWHUSRODWLRQ JLYHV EHWWHU UHVXOWV 7KH ILUVW LQWHUSRODWLRQ SURYLGHG SRRU
UHVXOWVKRZHYHUWKLVZDVQRWDUHDOLQWHUSRODWLRQ7KHQGDQGUGJDYHPRGHUDWHDFFXUDF\:H
DFKLHYHGJRRGUHVXOWVZLWKWKHWKRQHWKHPRYLQJSODQHV7KHODVWWKUHHSURGXFHGRXWVWDQGLQJ
GHWHFWLRQ DFFXUDF\ 7KH UHVXOWV DUH LQ WKH IROORZLQJ WDEOHZKHUH WKH VXFFHVVIXO GHWHFWLRQV RI
FRQLIHUVDUHVKRZQVHH7DEOH

6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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7DEOH7KHUHVXOWVRIFURZQGHWHFWLRQ

1R 0HWKRGV /HDYHVRQ /HDYHVRII
 6QDS  
 1HDUHVW1HLJKERXU  
 0RYLQJDYHUDJH  
 0RYLQJSODQHV  
 0DWFKLQJSDUDERORLGH 93.0% 95.3% 
 6&23 95.3% 
 6SOLQH  

,WVKRXOGEHQRWHGWKDWWKHGLIIHUHQFHVDUHVPDOO7KH6&23LQWHUSRODWLRQSURGXFHGWKHEHVW
UHVXOW RQ WKH VXPPHUSRLQWVZKLOH WKH µ0DWFKLQJSDUDERORLGH¶JDYH VTXDUH UHVXOWV IURPERWK
GDWDVHWV7KHVKDSHVRIWKHFURZQVFRUUHVSRQGLQ1RDQG1REXWVRPHWLPHVLUUHJXODULQ
1R

3.2 Height estimations 
 
7KH VWDWLVWLFDO UHVXOWV RI WKH KHLJKW GLIIHUHQFHV IURP WKH SRLQWEDVHG DSSURDFK RQ WKH ZLQWHU
GDWDVHW ZKLFKZDV WUHDWHG DV D UHIHUHQFH GHWHUPLQHGE\ GLIIHUHQWPHWKRGV DUH VKRZQ LQ WKH
IROORZLQJWDEOHVHH7DEOH
7DEOH7KHFRPSDULVRQRIWKHKHLJKWHVWLPDWLRQV

 S-W M1 M2 M3 M4 M5 2006 
Min       
Max       
Mean -0.017   -0.513  -0.425 -0.591 
Std    0.312   

7KHSRLQWEDVHGVXPPHUDQGZLQWHUUHVXOWVDUHYHU\FORVHWRHDFKRWKHUWKHLUPHDQGHYLDWLRQLV
MXVWFP7KHRUHWLFDOO\WKHUGKHLJKWFDOFXODWLRQPHWKRG0LVWKHFRUUHFWRQHKRZHYHUWKH
WK RQH 0SURGXFHGVOLJKWO\EHWWHU UHVXOWV7KH0 LV VOLJKWO\EHWWHU WKHQ0 DPRQJ WKRVH
ZLWKRXWWHUUHVWULDOUHIHUHQFHGDWD7KHVHJHQHUDOO\RFFXUGXHWRKLJKHUYDULDWLRQVLQQ'60DUH
PXFKKLJKHUWKDQLQ'(0LQWKLVDUHD1HYHUWKHOHVVWKHUHDUHDOVRVRPHUHPDUNDEOHGHYLDWLRQV
LQFHUWDLQFDVHVVHH)LJXUH


 
)LJXUH7KHGLIIHUHQFHVEHWZHHQWKHKHLJKWHVWLPDWLRQPHWKRGV
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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7KHUHDUHDOPRVWPHWUHVRIGLIIHUHQFH LQ WKHQHDUHVWQHLJKERXUPHWKRGV 1RDQG1R
&RQVHTXHQWO\ WKH OLQN EHWZHHQ WKH WHUUHVWULDO DQG DLUERUQH GDWD DSSHDUV FUXFLDO7KH DYHUDJH
YHUWLFDOJURZWKRIWKHVDPSOHWUHHVLVDERXWFPLQVL[\HDUV

3.3 Species estimations 
 
7KHUHVXOWRIWKHFURZQVSHFLHVFODVVLILFDWLRQLVVKRZQLQILJXUHVVHH)LJXUHDQG7DEOH


 
)LJXUH7KHFODVVLILHGFURZQVHJPHQWVRIWKHVDPSOHDUHDRQWKHUDVWHUL]HGVXPPHUDPSOLWXGHGDWD

7DEOH7KHUHVXOWVRIVSHFLHVFODVVLILFDWLRQ

  5HIHUHQFH 
  %HDFK 2DN 6SUXFH /DUFK 6XP
&O
DV
VH
V %HDFK     
2DN     
6SUXFH     
/DUFK     
 6XP     

,WLVREYLRXVIURPERWKILJXUHVWKDWVHSDUDWLRQRIWKHGHFLGXRXVVSHFLHVEDVHGRQWKH$PSOLWXGHGDWD
LVQRWSRVVLEOHEXWLWFDQHDVLO\EHLPSURYHGZLWKWKHKLJKVSHFWUDOUHVROXWLRQ:RUOG9LHZLPDJHU\

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Assessing the impact of broadleaf tree structure on airborne 
full-waveform small-footprint LiDAR signals 

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Abstract 
 
$LUERUQH VPDOOIRRWSULQW ZDYHIRUP OLJKW GHWHFWLRQ DQG UDQJLQJ /L'$5 UHVHDUFK LQ IRUHVW
HQYLURQPHQWV LV VWLOO DW DQ HDUO\ VWDJH RI GHYHORSPHQW PDLQO\ EHFDXVH WKH FRPSOH[
VLJQDOPDWWHULQWHUDFWLRQVDUHQRWIXOO\XQGHUVWRRG7KLVODFNRIXQGHUVWDQGLQJLVGXHWRWKHKLJK
WHPSRUDO UHVROXWLRQV RI VFDQ LQWHUDFWLRQV RIIQDGLU VFDQQLQJ DQG DWWHQXDWLRQ RI WKH VLJQDO
HQHUJ\DV LWSURSDJDWHV WKURXJKDFDQRS\+RZHYHUZLWK WKH LQFUHDVHGXVHRI VPDOOIRRWSULQW
ZDYHIRUP/L'$5V\VWHPVIRUIRUHVWDVVHVVPHQWLWLVLPSRUWDQWWRXQGHUVWDQGDQGTXDQWLI\KRZ
WKHWUHHVWUXFWXUDOFRPSRQHQWVLPSDFWWKHUHFHLYHGEDFNVFDWWHUHGVLJQDO4XDQWLI\LQJWKHLPSDFW
RI WKHVHVWUXFWXUDOFRPSRQHQWVRQWKHZDYHIRUPZLOOGHILQH WKHOLPLWRIZKDWFDQEHGHWHFWHG
IURPDZDYHIRUPVHQVRUHJOHDIDUHDLQGH[/$,EUDQFKVWUXFWXUHGHWDLOFDQRS\SDUDPHWHUV
HWF:HWKHUHIRUHSUHVHQWDVLPXODWLRQVWXG\WKDWHYDOXDWHVWKHHIIHFWRIVWUXFWXUDOFRPSRQHQWV
RQWKHUHFHLYHGVLJQDOIURPDQAcer rubrumUHGPDSOHDQGQuercus rubraUHGRDNVWDQG

,W ZDV IRXQG WKDW WKH LPSDFW RI OHDI VWHPV DQG WZLJV LV QRW VWDWLVWLFDOO\ VLJQLILFDQW DW D 
FRQILGHQFH OHYHO 7KH RWKHU FRPSRQHQWV WUXQNV ERXJKV EUDQFKOHYHO EUDQFKOHYHO DQG
EUDQFKOHYHOGRKDYHDVWDWLVWLFDOO\VLJQLILFDQWFRQWULEXWLRQWRDZDYHIRUP/L'$5VLJQDO7KH
OHDYHV UHSUHVHQW D VLJQLILFDQW FRPSRQHQW RI WKH EDFNVFDWWHUHG ZDYHIRUP VLJQDO )LQDOO\
LQFUHDVLQJWKHRXWJRLQJSXOVHZLGWKGHFUHDVHVWKHGLIIHUHQFHVEHWZHHQREVHUYHGZDYHIRUPVIRU
YDULRXV OHYHOV RI WUHH FRPSRQHQW JHRPHWU\ 7KHVH UHVXOWV ZLOO KHOS WR EHWWHU GHILQH WKH
FRQVWUXFWLRQ RI YLUWXDO IRUHVW VFHQHV LQ VLPXODWLRQ VWXGLHV ZKLOH DOVR FRQWULEXWLQJ WR DQ
LPSURYHGXQGHUVWDQGLQJRI/L'$5IRUHVWLQWHUDFWLRQV

1. Introduction  

,QUHFHQW\HDUVWKHUHKDVEHHQDQLQFUHDVHLQWKHXVHRIDLUERUQH/LJKW'HWHFWLRQDQG5DQJLQJ
/L'$5 IRU DFTXLULQJ UHPRWHO\ VHQVHG GDWD 6PDOOIRRWSULQW IXOOZDYHIRUP /L'$5 LV D
UHODWLYHO\ QHZ WHFKQRORJ\ WKDW LV RQO\ EHJLQQLQJ WR EHPRUH FRPPRQO\ XVHG GXH WR LWV KLJK
WHPSRUDO UHVROXWLRQ RI WKH EDFNVFDWWHUHG ODVHU SXOVH 0DOOHW DQG %UHWDU  'HVSLWH WKH
LQFUHDVHGXVHRIVPDOOIRRWSULQWIXOOZDYHIRUPV\VWHPVWKHW\SHVRILQWHUDFWLRQVWKDWDIIHFWWKH
EDFNVFDWWHUHGVLJQDODUHQRWFRPSOHWHO\XQGHUVWRRG

$ IHZVWXGLHVVXFKDV6XQDQG5DQVRQDQG1L0HLVWHUet al.KDYH ORRNHG LQWR WKH
HIIHFWRIJHRPHWU\RQODUJHIRRWSULQWPIXOOZDYHIRUP/L'$5VLJQDOV6XQDQG5DQVRQ
IRXQGWKDWVWDQGVWUXFWXUHDQGKLJKHURUGHUVFDWWHULQJDIIHFWWKHZDYHIRUP1L0HLVWHUet al.
IRXQGWKDWOHDIRULHQWDWLRQDQGFOXPSLQJFRQWULEXWHWRWKHZDYHIRUPVLJQDO,QWKLVSDSHU
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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ZHSURSRVHDPHWKRG WKDWHYDOXDWHV WKHHIIHFWRIYDULRXVSODQWFRPSRQHQWVRQVPDOOIRRWSULQW
PIXOOZDYHIRUP/L'$5VLJQDOV 

2XUREMHFWLYHVZHUHWRLDVVHVVWKHOHYHORIVWUXFWXUDOGHWDLOLHOHDIYVEROHYVYDULRXVRUGHUV
RI EUDQFKLQJ WKDW FDQ EH UHVROYHG E\ W\SLFDOZDYHIRUP/L'$5 VHQVRUV DQG LL HYDOXDWH WKH
LPSDFWRIRXWJRLQJSXOVHZLGWKVLJQDODWWHQXDWLRQDQGQRLVHRQTXDQWLILFDWLRQRIVXFKVWUXFWXUDO
SDUDPHWHUV :H K\SRWKHVL]HG WKDW EDFNVFDWWHU ZLOO EH GRPLQDWHG E\ IROLDJH EXW WKDW ODUJH
EUDQFKHVZLOODOVRLPSDFWWKHVLJQDOWKLVODWWHULQWHUDFWLRQLVH[SHFWHGWREHDIXQFWLRQRIUDQJH
DQG RXWJRLQJ SXOVH ZLGWK +RZHYHU LW LV SUDFWLFDOO\ LQIHDVLEOH WR VHTXHQWLDOO\ UHPRYH WUHH
VWUXFWXUDOFRPSRQHQWVLQRUGHUWRSHUIRUPVXFKDVLJQDOPDWWHUDVVHVVPHQW:HWKHUHIRUHPDGH
XVHRIVLPXODWHGZDYHIRUPVXVLQJWKH'LJLWDO,PDJLQJDQG5HPRWH6HQVLQJ,PDJH*HQHUDWLRQ
',56,*VLPXODWLRQHQYLURQPHQW WRJHQHUDWHV\QWKHWLFZDYHIRUPV LQ WKH LQLWLDOSKDVHRI WKLV
VWXG\ 7KH YLUWXDO VFHQH LV EDVHG RQ IRUHVW LQYHQWRU\ GDWD IURP +DUYDUG )RUHVW0$ 86$
6SHFLHVLQFOXGHAcer rubrumUHGPDSOHDQGQuercus rubraUHGRDN 

2. Methods 
 
2.1 Scene Construction 
 
7KHJRDORIWKHYLUWXDOVFHQHLVWRKDYHLWEHUHSUHVHQWDWLYHRIDIRUHVWVWDQGWKDWFRXOGEHIRXQG
LQQDWXUH7RDFFRPSOLVKWKLVZHEDVHGRXUWUHHVRQWKHKHLJKWGLDPHWHUDWEUHDVWKHLJKW'%+
DQGVSHFLHVIURPD+DUYDUG)RUHVWLQYHQWRU\0XQJHUDQG:RIV\:HVHOHFWHGQLQHAcer 
rubrumUHGPDSOHDQGIRXUQuercus rubraUHGRDNWUHHVWRPRGHO7KHSDUDPHWHUVIURPWKH
+DUYDUG )RUHVW LQYHQWRU\ ZHUH XVHG DV D EDVLV IRU FUHDWLQJ WKH WUHH PRGHOV LQ 2Q\[75((
%RVDQDFDQG=DQFKL  7KHWUHHJHRPHWU\ZDVH[SRUWHGRQDSHUFRPSRQHQWEDVLVWUXQN
ERXJKVEUDQFKOHYHOEUDQFKOHYHOEUDQFKOHYHO WZLJV OHDIVWHPVDQGOHDYHV  $RQH
FKDUDFWHULGHQWLILHULVXVHGIRUHDFKRIWKHFRPSRQHQWVWUXQNWERXJKVEEUDQFKOHYHO
EUDQFKOHYHOEUDQFKOHYHO WZLJVZOHDIVWHPVVDQGOHDYHVO7KHWUHHVZHUH
PDQXDOO\SODFHGLQWKHVFHQHVRWKDWWKHFDQRS\LVPRVWO\FORVHG$SSURSULDWHUHIOHFWDQFHDQG
WUDQVPLVVLRQVSHFWUDVDPSOHGIURPDQH[LVWLQJVSHFWUDOOLEUDU\ZHUHDWWDFKHGWRWKHUHVSHFWLYH
FRPSRQHQWV7KHWUHHFRPSRQHQWVZHUHSODFHGRQDQ LQILQLWHJURXQGSODQHZLWKDQDVVRFLDWHG
JUDVV VSHFWUD 7KH VFHQH LV FLUFXODU ZLWK DQ DSSUR[LPDWH UDGLXV RI P  )LJXUH  VKRZV D
VLPXODWHG5*%LPDJHRIWKHVFHQH  

'LIIHUHQWFRPELQDWLRQVRIJHRPHWULHVZHUHXVHG IRU WKH VLPXODWLRQVDOOJHRPHWU\ WEZVO
QROHDIVWHPVWEZOQROHDIVWHPVRUWZLJVWEOQROHDIVWHPVWZLJVRUEUDQFKOHYHO
WEOWUXQNVERXJKVEUDQFKOHYHODQGOHDYHVWEOWUXQNVERXJKVDQGOHDYHVWEODQG
OHDYHVRQO\O

2.2 Simulations 

2.2.1 DIRSIG 

7KH'LJLWDO,PDJLQJDQG5HPRWH6HQVLQJ,PDJH*HQHUDWLRQ',56,*PRGHOLVDSK\VLFVEDVHG
UD\WUDFLQJ SURJUDP XVHG IRU SURGXFLQJ VSDWLDOO\ VSHFWUDOO\ UDGLRPHWULFDOO\ DQG WHPSRUDOO\
FRUUHFW V\QWKHWLF LPDJHV 6FKRWW et al.  7KH ',56,* ZDYHIRUP /L'$5 VLPXODWLRQ
HPSOR\V D WZRSDVV K\EULG RI IRUZDUG DQG EDFNZDUG0RQWH&DUOR UD\ WUDFLQJ %URZQ et al.
  

)RUWKHIRUZDUGSDUWRIWKHVLPXODWLRQDSKRWRQLVUDQGRPO\FDVWLQWRWKHVFHQH7KHSKRWRQZLOO
WKHQ IROORZ D UDQGRP ZDON EDVHG RQ WKH SURSHUWLHV RI WKH PDWHULDOV WKDW LW HQFRXQWHUV
WUDQVPLVVLRQ UHIOHFWLRQ RU DEVRUSWLRQ $Q HYHQW LQ D ' GDWD VWUXFWXUH LV FUHDWHG IRU HDFK
LQWHUDFWLRQ RI WKH SKRWRQZLWK WKH VFHQH7KH SKRWRQ SURJUHVVHV WKURXJK WKH VFHQH XQWLO LW LV
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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DEVRUEHGRUWKHXVHUGHILQHGPD[LPXPQXPEHURILQWHUDFWLRQVLVUHDFKHG7KHODVHUWUDQVPLWWHU
PRGHOGHILQHVWKHVSDWLDOVSHFWUDODQGWHPSRUDOGLVWULEXWLRQRIWKHSKRWRQV  

7KH VHFRQG SDVV RI WKH /L'$5 VLPXODWLRQ LV D EDFNZDUG SURSDJDWLRQ IURP HDFK GHWHFWRU
HOHPHQWLQWKHVHQVRU$UD\LVSURMHFWHGIURPWKHGHWHFWRUWKURXJKWKHRSWLFVXQWLOLWHQFRXQWHUV
JHRPHWU\LQWKHSKRWRQPDSSHGVFHQH7KHSKRWRQPDSDWWKHORFDWLRQRILQWHUVHFWLRQLVTXHULHG
DQG WKHQXPEHURISKRWRQV DVZHOO DV WKH WLPH RI WKH LQWHUDFWLRQ LV DGGHG WR WKH VLJQDO ,W LV
SRVVLEOHWRXVHVXEVDPSOLQJWRKDYHEHWWHUVXESL[HOVSDWLDORUWHPSRUDOILGHOLW\ ,QDGGLWLRQWR
WKH DFWLYH /L'$5 WHUPV WKH SDVVLYH VXQ PRRQ VN\OLJKW YDOXHV DUH DOVR FROOHFWHG 7KH
ZDYHIRUPSURGXFHGE\',56,* LV DQ HVWLPDWH RI WKHPHDQSKRWRQ DUULYDO DW WKH VHQVRU7KH
VLJQDOGRHVQRWWDNHLQWRDFFRXQWDQ\HOHFWURQLFQRLVH

2.2.2 DIRSIG settings 

7KHVFHQHZDVSODFHGDW1:7KHHOHYDWLRQRIWKHVFHQHLVPDERYH
WKH JHRLG $ PLGODWLWXGH VXPPHU POV ZDV XVHG IRU WKH ZHDWKHU FRQGLWLRQV $ VLPSOH
DWPRVSKHULFPRGHO QR02'75$1ZLWK D.DSSDUHQW VN\ WHPSHUDWXUHZDVXVHG IRU WKH
UDGLDWLRQWUDQVSRUW

7KH/L'$5VHQVRUZDVSODFHGDWPDWQDGLURYHUHDFKVLWH7KHRXWJRLQJODVHUSXOVHZDV
*DXVVLDQ ZLWK DPHDQ RI QP DQG VSHFWUDO OLQHZLGWK RI QP 7KH SXOVH HQHUJ\ZDV
-  2XWJRLQJ SXOVH ZLGWKV RI QV QV DQG QV ZHUH XVHG IRU WKLV DVVHVPHQW 7KH
VSDWLDO SURILOH RI WKH EHDPZDV UDGLDOO\ XQLIRUPZLWK D GLYHUJHQFH KDOI DQJOH RI UDG
7KLV FRUUHVSRQGV WR D P VSRW VL]H RQ WKH JURXQG $ VLQJOH SL[HO GHWHFWRU ZLWK [
VXEVDPSOLQJZLWKLQDPJURXQGVDPSOHGLVWDQFH*6'ZDVXVHG7KHVHQVRUKDGWKHWLPH
JDWH RSHQ DIWHU HV DQG FORVHG DIWHU HV$ VDPSOHZDV WDNHQ HYHU\ QV7KLV
FRUUHVSRQGVWRDGLVWDQFHUDQJHRIDERXWPWRPVDPSOHGHYHU\FPIRUDWRWDORI
WLPH ELQV 7KH VLPXODWHG FROOHFW WLPH ZDV  3087& 86 (DVWHUQ RQ -XQH  
7KHUHZHUHPD[LPXPVRXUFHEXQGOHVZLWK DPD[LPXPRI IRXUERXQFHVSHUEXQGOH 
3KRWRQPDSSLQJZDV XVHG IRU KLJKHU RUGHU UHWXUQV RQO\ 7KHUH ZHUH DPD[LPXPRI 
HYHQWVLQWKHPDS

)RU HDFK VLWH DQG RXWJRLQJ SXOVH ZLGWK FRPELQDWLRQ  VFDQV ZHUH WDNHQ RI WKH YDOLGDWLRQ
JHRPHWU\WEZVODOOWUHHVWUXFWXUHFRPSRQHQWVLQFOXGHGWRHVWLPDWHSKRWRQDUULYDOVWDWLVWLFV
$Q DGGLWLRQDO VFDQ IRU HDFK VLWHRXWJRLQJ SXOVH ZLGWK FRPELQDWLRQ ZDV DFTXLUHG IRU HDFK
UHGXFHG JHRPHWU\ VHW LQ RUGHU WR FRPSDUH WKH HIIHFW RI WKH EDFNVFDWWHU RQGLIIHUHQW JHRPHWU\
OHYHOVWRWKHYDOLGDWLRQVLJQDO 

2.2.3 Sampling

,QRUGHUWRPDLQWDLQUHDVRQDEOHFRPSXWDWLRQWLPHVWHQORFDWLRQVZHUHUDQGRPO\VHOHFWHGIURP
WKH VFHQH )LYH RI WKH VLWHVZHUH GUDZQ IURP D UDGLDOO\ V\PPHWULF XQLIRUP GLVWULEXWLRQZLWK
UDGLXV PDQG WKH RWKHU ILYH IURPD UDGLDOO\ V\PPHWULF XQLIRUPGLVWULEXWLRQRI UDGLXV P 
7KHJRDORIWKHVDPSOLQJZDVWRKDYHWKHPDMRULW\RIWKHSRLQWVO\LQJZLWKLQWKHFDQRS\(LJKW
RIWKHVLWHVOLHRQWKHFDQRS\6LWHVDQGDUHLQDVPDOOJDSZLWKLQWKHFDQRS\6LWHLVRXWVLGH
WKHFDQRS\EXWLQVLGHRIWKHVKDGRZRIWKHFDQRS\6HH)LJXUHIRUWKHGLVWULEXWLRQRIWKHVLWHV
ZLWKLQWKHVFHQH

2.3 Comparison Metrics 
 
2.3.1 Spectral Angle Mapper 
 
7KHPHDQRI WKH³DOO´JHRPHWU\WEZVOZDVXVHGDV WKH WUXWKIRUHDFKVLWHRXWJRLQJSXOVH
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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ZLGWKFRPELQDWLRQ6SHFWUDO$QJOH0DSSHU6$0LVDPHWKRGWRILQGWKHDQJOHEHWZHHQWZR
YHFWRUVLQPXOWLGLPHQVLRQDOVSDFH5LFKDUGVDQG-LD$6$0YDOXHFORVHWRLQGLFDWHVD
VLPLODULW\ EHWZHHQZDYHIRUPV$ 6$0 YDOXH FORVH WR  LQGLFDWHV DQ DEVROXWH GLVVLPLODULW\
EHWZHHQZDYHIRUPV

      

ZKHUHxDQGyDUHYHFWRUVDQG__x__LVWKHQRUPRIx,QWKLVFDVHxLVWKHPHDQZDYHIRUPRIWKH
YDOLGDWLRQVHWDQGyLVWKHZDYHIRUPRIDGLIIHUHQWVHWRIJHRPHWULHV

 
)LJXUH$VLPXODWHG5*%LPDJHRIWKH+DUYDUG)RUHVWVFHQH/RFDWLRQVRIUDQGRPVLWHVDUHVKRZQ7KH
FLUFOHVUHSUHVHQWWKHVL]HRIDVLQJOHSXOVHRQWKHJURXQG

2.3.2 Prediction Intervals

$SUHGLFWLRQLQWHUYDOZDVXVHGLQRUGHUWRKDYHDQXQGHUVWDQGLQJRIZKHUHWKHZDYHIRUPVGLIIHU
IURPWKHYDOLGDWLRQVLJQDO7KHERXQGVRIWKHSUHGLFWLRQLQWHUYDOIURPWKHPHDQDUHJLYHQE\

       

ZKHUH m LV WKH VDPSOH PHDQ t LV WKH FULWLFDO YDOXH IURP WKH VWXGHQW¶V t GLVWULEXWLRQ ZLWK
Įî FRQILGHQFH OHYHOV n LV WKH QXPEHU RI VDPSOHV DQG s LV WKH VDPSOH VWDQGDUG
GHYLDWLRQ$YDOXH LV QRW IURPD VWDQGDUG QRUPDOZLWKPHDQm DQG VWDQGDUG GHYLDWLRQ s DW D
ĮîFRQILGHQFHOHYHOLILWOLHVRXWVLGHRIWKHSUHGLFWLRQLQWHUYDO

6LQFHWKH',56,*VLPXODWHGZDYHIRUPVUHSUHVHQWPHDQSKRWRQDUULYDOVWKHVWDQGDUGGHYLDWLRQ
RI WKH YDOLGDWLRQ VLJQDOV LV VPDOO WKH ZDYHIRUPV DUH FRQVLVWHQW ZKHQ XVLQJ WKH VDPH
SDUDPHWHUV$VVXPLQJ WKDWSKRWRQDUULYDOLV3RLVVRQGLVWULEXWHG6FKRWW WKHVKRWQRLVH
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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FRPSRQHQW RI WKH VWDQGDUG GHYLDWLRQ RI WKH ZDYHIRUP ZLOO EH WKH VTXDUH URRW RI WKH PHDQ
ZDYHIRUP 7KH VKRW QRLVH FRPSRQHQW RI WKH VWDQGDUG GHYLDWLRQ LV ODUJH FRPSDUHG WR WKH
YDULDWLRQEHWZHHQVLPXODWLRQVWKHUHIRUHWKHFRPELQHGVWDQGDUGGHYLDWLRQZLOODSSUR[LPDWHO\EH
WKHVWDQGDUGGHYLDWLRQRIWKHVKRWQRLVH

3. Results 
 
)LJXUHVKRZVUHSUHVHQWDWLYHVLPXODWHGZDYHIRUPVLJQDOVIURPRXUVFHQH7KHUHDUHWZRFDVHV
RQH ZKLFK KDV D VPDOO DPRXQW RI WUHH VWUXFWXUH VLWH  D DQG DQRWKHU ZKLFK KDV D ODUJH
DPRXQW VLWH  E ,Q DOO JHRPHWU\ FDVHV WKH VKDSH RI WKH VLPXODWHG ZDYHIRUP LV
DSSUR[LPDWHO\WKHVDPHHYHQWKRXJKWKHUHDUHGLIIHUHQWDPSOLWXGHVIRUWKHSHDNV$VWKHDPRXQW
RI JHRPHWU\ GHFUHDVHV WKH HQHUJ\ LQ WKH ZDYHIRUP VKLIWV WRZDUGV WKH JURXQG GXH WR WKH
LQFUHDVHGSUREDELOLW\RISKRWRQSHQHWUDWLRQWKURXJKFDQRS\ 

)LJXUH6LPXODWHGZDYHIRUPVIRUYDULRXVOHYHOVRIJHRPHWU\ZKHUHDLVVLWHELVVLWH%RWKDUH
QVRXWJRLQJSXOVHZLGWK(JQRWHWKHGLIIHUHQFHVLQVLPXODWHGZDYHIRUPVIRUGLIIHUHQWOHYHOVRI
JHRPHWU\
 
7KH GLIIHUHQFH EHWZHHQ WKHPHDQ RI WKH YDOLGDWLRQ VHW DQG WKH JHRPHWU\ZLWK WZLJV DQG OHDI
VWHPVUHPRYHGLVVKRZQLQ)LJXUH,WZDVIRXQGWKDWWKHWEZODQGWEOJHRPHWULHVDUH
QRWVWDWLVWLFDOO\GLIIHUHQWIURPWKHYDOLGDWLRQZDYHIRUPDFURVVDOOVLWHVDQGSXOVHZLGWKV)LJXUH
VKRZVWKHGLIIHUHQFHVEHWZHHQWKHPHDQRIWKHYDOLGDWLRQVHWDQGOHDIRQO\JHRPHWU\IRUWKH
VDPHWZRVLWHV)RUVLWHLQDJDSLQWKHFDQRS\WKHOHDIRQO\JHRPHWU\ZDVQRWVWDWLVWLFDOO\
GLIIHUHQW IURP WKH YDOLGDWLRQ VHW PHDQ )LJXUH D 7KH VLWH  OHDI RQO\JHRPHWU\ ZDV
VWDWLVWLFDOO\GLIIHUHQWDWDFRQILGHQFHOHYHO)LJXUHE

)LJXUH'LIIHUHQFHEHWZHHQWEOQRWZLJVRUOHDIVWHPVDQGWEZVODOOJHRPHWULHVLQEOXH
3UHGLFWLRQLQWHUYDOIRUWKHGLIIHUHQFHZLWKĮ LQGDVKHGEODFN/HIWLVVLWHULJKWLVVLWH%RWKDUH
QVRXWJRLQJSXOVHZLGWK%RWKILJXUHVVKRZH[DPSOHVRIZKHUHWKHORZHUJHRPHWU\ZDYHIRUPIDOOV
ZLWKLQWKHSUHGLFWLRQLQWHUYDO
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 6 


)LJXUH'LIIHUHQFHEHWZHHQOOHDIRQO\DQGWEZVODOOJHRPHWULHVLQEOXH3UHGLFWLRQLQWHUYDOIRU
WKHGLIIHUHQFHZLWKĮ LQGDVKHGEODFNDLVVLWHELVVLWH%RWKDUHQVRXWJRLQJSXOVHZLGWK
6LWHKDVWKHZDYHIRUPIDOOLQVLGHWKHSUHGLFWLRQLQWHUYDO6LWHKDVSDUWRIWKHZDYHIRUPIDOORXWVLGHWKH
SUHGLFWLRQLQWHUYDO 
 
)LJXUH  VKRZV WKH UHODWLRQVKLS EHWZHHQ WKH 6$0 HT  YDOXHV DQG GLIIHUHQW OHYHOV RI
JHRPHWU\$VWKHJHRPHWU\FRPSOH[LW\ZDVGHFUHDVHGWKHGLIIHUHQFHEHWZHHQWKHZDYHIRUPVDV
FDOFXODWHGE\6$0LQFUHDVHG7KLVZDVWUXHIRUDOORXWJRLQJSXOVHZLGWKV7KHVOLJKWGHFUHDVH
LQ6$0YDOXHV IRU VLWHEHWZHHQ WKH WEO DQG WEOJHRPHWULHVZDV DWWULEXWHG WR DQ DUWLIDFWRI
6$0VPDOOFKDQJHVDWKLJKYHFWRUFRPSRQHQWYDOXHVFKDQJH6$0PRUHWKDQVPDOOFKDQJHVDW
ORZYDOXHV7KH6$0YDOXHVZHUHDOOVPDOOIRUWKHWEZODQGWEOJHRPHWULHV7KH
6$0YDOXHVGHFUHDVHGDVWKHRXWJRLQJSXOVHZLGWKLQFUHDVHG 

4. Discussion 

7KH GLIIHUHQFH EHWZHHQ WKH WEZO DQG WEO JHRPHWULHV DQG WKH DVVRFLDWHG YDOLGDWLRQ
ZDYHIRUPZDV QRW VWDWLVWLFDOO\ GLIIHUHQW IURP]HUR IRU DOO RI WKH VLWHV DQGDOO RI WKHRXWJRLQJ
SXOVHZLGWKVVHH)LJXUHIRUDQH[DPSOH7KHPD[LPXPVSHFWUDODQJOHEHWZHHQWKHYDOLGDWLRQ
ZDYHIRUP DQG RQH RI WKHVH UHGXFHG JHRPHWU\ ZDYHIRUPV ZDV DSSUR[LPDWHO\  7KH
UHPDLQLQJJHRPHWU\VHWVOWEOWEODQGWEOZHUHVWDWLVWLFDOO\GLIIHUHQWIURP]HURIRUDWOHDVW
RQHRIWKHVLWHVHJ)LJXUH 

)URP YLVXDO LQVSHFWLRQ RI )LJXUH  DQ\ RI WKH ZDYHIRUPV IURP UHGXFHG JHRPHWULHV KDYH D
VLPLODUVKDSHWRWKHYDOLGDWLRQJHRPHWU\7KHUHPRYDORIDFRPSRQHQWIURPDVSHFLILFJHRPHWU\
ZLOO DIIHFW WKH UHVXOWLQJ VLJQDO WR D ODUJHU GHJUHH DV WKH FRPSOH[LW\ RI WKH JHRPHWU\ IRU WKDW
JLYHQZDYHIRUPLQFUHDVHV7KLVLVVKRZQPRVWFOHDUO\LQVLWH)LJXUHE7KH6$0YDOXHVIRU
DOORIWKHJHRPHWULHVDUHFORVHUWREHLQJWKHVDPHWKDQEHLQJGLIIHUHQW7KLVLVGXHWR
WKHZLGHUSXOVHZLGWKKDYLQJDVPRRWKLQJHIIHFWRIWKHGLIIHUHQWJHRPHWULHV 

)URPYLVXDODQDO\VLVRIWKHZDYHIRUPVDWGLIIHUHQWJHRPHWU\OHYHOV)LJXUHWKHUHPRYDORI
FRPSRQHQWV FDXVHV D VKLIW LQ EDFNVFDWWHU HQHUJ\ WRZDUGV WKH JURXQG 7KLV LV GXH WR PRUH
SKRWRQVEHLQJDEOHWRSURSDJDWHIXUWKHUIURPZKHUHWKHSUHYLRXVJHRPHWU\ZDV7KHUHZDVRQH
VLWH  QRW VKRZQ ZKHUH WKHUH ZDV QR JURXQG FRPSRQHQW WR WKH VLJQDO XQWLO RQO\ WKH OHDI
JHRPHWU\ZDVXVHG7KLVZDVGXHWRDERXJKEORFNLQJWKHSKRWRQVIURPUHDFKLQJWKHJURXQG

7KHLPSOLFDWLRQVRIWKLVVWXG\DUH
 ,WZLOO EHQHDUO\ LPSRVVLEOH WRGHWHFWREMHFWVRQ WKHVL]HRUGHURI OHDI VWHPVRU WZLJV
XVLQJDQDHULDO/L'$5V\VWHPWKDWLVVLPLODUWRWKHVLPXODWHGV\VWHP 
 7KH WEO VXEVHWZLOO SURGXFH FRQVLVWHQWZDYHIRUPV WR WKH YDOLGDWLRQZDYHIRUPV LQ
VLPXODWLRQVVLPLODUWRWKHRQHOLVWHG7KLVZLOOVDYHGLVNVSDFHDQGLQFUHDVHUXQWLPHV
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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ZLWKRXWVDFULILFLQJVLJQDOILGHOLW\
 'HFUHDVLQJ WKH RXWJRLQJ SXOVHZLGWKZLOO LQFUHDVH WKH SRWHQWLDO RI VPDOOHU REMHFWV WR
LPSDFWWKHZDYHIRUPVLJQDO



)LJXUH6$0YDOXHVIRUWKHGLIIHUHQWVLWHVEHWZHHQWKHPHDQRIWKHYDOLGDWLRQZDYHIRUPDQGWKH
ZDYHIRUPDWDJLYHQJHRPHWU\DLVQVELVQVDQGFLVQVRXWJRLQJSXOVHZLGWK7KHFRQQHFWHG
OLQHVDUHIRUYLVXDOL]DWLRQSXUSRVHVDQGGRQRWUHSUHVHQWLQWHUPHGLDWHJHRPHWULHV7KH6$0YDOXHV
GHFUHDVHZLWKLQFUHDVLQJSXOVHZLGWKDQGZLWKLQFUHDVLQJJHRPHWU\

7KHHVWLPDWHRI WKHVWDQGDUGGHYLDWLRQRI WKH YDOLGDWLRQZDYHIRUPRQO\ WRRN LQWRDFFRXQW WKH
UDQGRPGLVWULEXWLRQRISKRWRQV,WGLGQRWWDNHLQWRDFFRXQWUHDOZRUOGVRXUFHVRIYDULDWLRQVVXFK
DVDOLJQLQJWKHVHQVRUWDUJHWJHRPHWULHVEHWZHHQIOLJKWVHOHFWURQLFQRLVHDQGGLIIHUHQFHVLQWKH
FDQRS\ JHRPHWU\ GXH WR WKH ZLQG ,W VKRXOG EH QRWHG WKDW ZH GR QRW FODLP WKDW D GHWHFWLRQ
DOJRULWKPFDQ EH SURGXFHG WR GHWHFW DQ\ RQH RI WKH FRPSRQHQWV LQGLYLGXDOO\ RQO\ WKDW VRPH
FRPELQDWLRQRIDOORIWKHPLQIOXHQFHWKHZDYHIRUPV

7KLV VXUYH\ ZDV RQO\ SHUIRUPHG IRU QDGLU YLHZLQJ FRQGLWLRQV ,W LV QRW H[SHFWHG WKDW VPDOO
GHYLDWLRQVIURPQDGLUZLOODIIHFW WKHUHVXOWVVLJQLILFDQWO\:KHQWKHYLHZLQJDQJOHDSSURDFKHV
 RII QDGLU LW LV H[SHFWHG WKDW WKH HIIHFW WKH ZRRG\ SDUWV RI D WUHH KDYH RQ WKH UHVXOWDQW
ZDYHIRUPZLOOLQFUHDVHDOWKRXJKWKLVKDVWREHYHULILHG  

5. Conclusions 

7KH FKDQJHV LQ D ZDYHIRUP VLJQDO FDXVHG E\ UHPRYDO RI WZLJV DQG OHDI VWHPV IURP D IXOO
JHRPHWU\ VHW DUH QRW VWDWLVWLFDOO\ VLJQLILFDQW DW D  FRQILGHQFH OHYHO 7UXQNV ERXJKV
EUDQFKOHYHO EUDQFKOHYHO EUDQFK OHYHO DQG OHDYHV FDQ KDYH D VWDWLVWLFDOO\ VLJQLILFDQW
LPSDFWRQDZDYHIRUP/L'$5VLJQDO$QDUURZHURXWJRLQJSXOVHZLGWKFDQDOORZIRUVPDOOHU
FKDQJHV LQ JHRPHWU\ WR EH REVHUYHG LQ DZDYHIRUP VLJQDOZKLOH VPDOO FKDQJHV LQ WKH XSSHU
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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FDQRS\PD\KDYHDQLPSDFWRQWKHUHVWRIWKHZDYHIRUPVLJQDO

7KLVVWXG\VKRZVWKDWZHFDQQRWGHWHFWVWUXFWXUHVZLWKVLPLODUSURSHUWLHVWRWZLJVDQGOHDIVWHPV
XVLQJ D V\VWHP VLPLODU WR WKH RQHPRGHOHG VLQFH WKH\ GR QRW FDXVH D VWDWLVWLFDOO\ VLJQLILFDQW
FKDQJH WR WKHZDYHIRUPVLJQDO)XWXUHV\VWHPVZLWKVRPHFRPELQDWLRQRIDVPDOOHUIRRWSULQW
RWKHUZDYHOHQJWKVIDVWHUGLJLWL]DWLRQDQGVPDOOHURXWJRLQJSXOVHZLGWKVPD\EHDEOHWRGHWHFW
WKHVHFKDQJHV$GGLWLRQDOZRUNZLOOLQFOXGHLQFUHDVLQJWKHQXPEHURIVLWHVWRJHWEHWWHUVWDWLVWLFV
DQGVLPXODWLQJRIIQDGLUZDYHIRUPV$GGLWLRQDOJHRPHWU\VHWVVXFKDVOHDYHRQHRXWDQGXVLQJ
RQO\RQHW\SHRIJHRPHWU\PD\EHXVHGLQIXWXUHVLPXODWLRQVWREHWWHUXQGHUVWDQGWKHLPSDFWRI
WKH LQGLYLGXDO FRPSRQHQWV$GGLWLRQDOO\ SXWWLQJ WDUJHWV RI YDU\LQJ VL]H VKDSH SRVLWLRQ DQG
VSHFWUDOSURSHUWLHVXQGHUWKHFDQRS\ZLOOKHOSWRXQGHUVWDQGWKHLPSDFWRIDVLQJOHFRPSRQHQWDV
RSSRVHGWRWKHJURXSRIFRPSRQHQWVIURPWKLVVWXG\
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Abstract 
 
Tree species identification has been a key research topic to date, while the performance of 
identification is limited. With the aid of remote sensing technology and multiple space-borne 
and airborne data, species identification could be improved by using the information fusion 
technique. This paper proposed an information fusion approach for forest species identification 
using multi-scale segmentation methods and Dempster-Shafer theory. The principal objective of 
this paper is to develop a framework of species classification using information derived from 
combined raster images and LiDAR data based on the Dempster-Shafer theory. We tested the 
approach for the dominant species in north Ontario forests at tree-group scale and our result 
demonstrated the usefulness of LiDAR data and Dempster-Shafer theory in the species 
classification application. An overall accuracy of around 80% was obtained using independent 
training and testing samples. 
 
1. Introduction 
 
Accurate identification of forest species is critical for forest inventory and sustainable forest 
management. For example, the estimation of biomass, carbon content, and species diversity 
requires precise species information. Because of the complexity of forest structures, species 
identification using optical images has not been completely developed. The emergence of new 
generation remote sensing systems, especially the very high-resolution digital camera sensors 
and small-footprint light detection and ranging (LiDAR) systems, can provide more accurate 
and efficient characterization of forest structures (Wulder et al., 2012). Studies on identifying 
species of forest stands or individual trees have been successfully conducted using either 
airborne/satellite images (Leckie et al. 2003; Mora et al. 2010; Franklin et al., 2000) or LiDAR 
data (Holmgren and Persson, 2004; Korpela et al., 2010). However, remote sensing data 
acquired over the same forest area by different sensors are generally redundant but 
complementary, because different sensors measure different physical properties of forests/trees 
at different spatial scales. Fusion of complementary data provides complete description of a 
complex forest scene, while there are also conflicts due to differences in resolution, feature 
distribution, and object scales, which bring us a substantial difficulty for the information fusion. 
It is extremely important to develop methods to accurately characterize forest scenes and 
improve species classification accuracy using multi-source information.      
 
Object-oriented methods have been widely developed in remote sensing and forestry 
applications (e.g., Chen et al., 2012; Blaschke 2010). In multi-sensor data fusion analysis (e.g., 
Heinzel and Koch, 2012; Waser et al., 2011), images from multi-sensors are resampled and 
interpolated based on the highest resolution such that each object covers exactly the same 
number of pixels on the resampled image. In their ways, single-scale segmentation on the image 
which has the highest spatial resolution is sufficient for the complete dataset. However, 
resampling methods normally alter the original spectral features that can be derived from low 
resolution images, and the representation of small objects such as individual trees is 
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meaningless. For instance, one pixel on an Advanced Spaceborne Thermal Emission and 
Reflection (ASTER) image characterizes the compound reflectivity of several trees. Using the 
gray value of the pixel as a feature of a single tree would increase the complexity for 
classification and interpretation. It is generally understood that low resolution remote sensing 
image can characterize forest canopy structures such as homogeneity at large spatial scale, while 
high resolution image and LiDAR data can characterize crown structures at individual-tree or 
tree-group scale. To effectively apply the information, multi-scale segmentation is one of the 
best ways to handle multiple datasets from different sources.  
 
The Dempster-Shafer theory (DST) was initially proposed by Dempster (1968) and Shafer 
(1976) as a Bayesian framework allowing fusion of information from independent sources. For 
an object, the theory does not require direct features derived from different data as other 
hard-classification, and allows the consideration of uncertainty and vagueness based on 
knowledge. As a mean of converting feature values to probabilities, DST is an appropriate 
methodology for the information fusion scenario in our classification theme. Previous studies 
have demonstrated strong potentials of DST in classification applications (Rottensteiner et al., 
2005). It is also applied in forest applications such as mapping stand healthy of mature 
deciduous forests (Mora et al., 2012), classifying landscape objects (Cayuela, et al., 2006), and 
mapping regenerating stands (Mora et al., 2011), but it is rarely used for individual species 
classification. Objective of this study is to classify the dominant species in north Ontario forests 
based on tree-group scale (i.e., 5-20 grouped trees) using information derived from combined 
raster images and LiDAR data, and to test the usefulness of DST in the forest species 
classification application.  
 
2. Methods 
 
2.1 Materials  
 
Located in the Great Lakes-St. Lawrence forest region near Sault Ste. Marie, Ontario, Canada, 
our study area (Figure 1) included four forest sites (S1, S2, S3 and S4) with areas ranging from 
about 50 to 225 ha. These sites were selected based on road access, various species and stand 
structural conditions represented. The dominant species at these sites are eastern white pine 
(Pinus strobes L.), jack pine (Pinus banksiana Lamb.), trembling aspen (Populus tremuloides 
Michx.), and sugar maple (Acer saccharum Marsh.). Occasionally, white birch and black spruce 
trees can be found mixed with the dominant species. The species in the largest site S1 is 
consisted of eastern white pine, jack pine, and deciduous trees. The jack pine trees in this site 
are mostly homogenous plantations that formed with even-aged stand structure. S2 is dominated 
by white pine (about 90% stocking) and S3 is dominated by sugar maple (about 40% stocking) 
and co-dominated by trembling aspen (about 35% stocking). The tree species in the three sites 
S1-S3 are evenly distributed and generally not mixed with each other, while maple, aspen, and a 
few coniferous trees are seriously mixed in the last site S4. Forest disturbances in the study area 
are likely due to harvesting, insects, and scientific research. The forests can be characterized by 
different homogeneous and inhomogeneous stands according to the tree age, species 
composition, and vertical structure. 
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Figure 1: Location (left) and QuickBird image (right) of study area, and relative location of four study 
sites (S1-S4). 
 
Several remote sensing datasets are available for the four study sites including: ASTER, 
high-resolution QuickBird image, very high-resolution aerial images obtained from digital 
cameras, and discrete LiDAR point cloud. Detail technical characteristics for these datasets are 
given in Table 1. In this study, we used the green, red and near infra-red bands of the ASTER 
imagery. Except the dataset presented in Table 1, another 0.15 m resolution digital images are 
captured simultaneously with the LiDAR data and they are used together with field data as 
references to interpret species for classification validation. To keep the original spectral 
information, none of the images is resampled and filtered. The discrete LiDAR data are 
classified into ground points and non-ground points and they are used to create a digital terrain 
model (DTM) and a digital surface model (DSM). A raster format canopy height model (CHM) 
is calculated as the difference between DSM and DTM. The CHM is smoothed using a low pass 
filter and post-processed to remove abnormal height pixels.  
 
Table 1: Summary of characteristics of the image and LiDAR data used for species classification 
 
Data ASTER QuickBird Aerial image LiDAR 
Acquisition time 2007/07 2008/06 2008/09 2009/08 
Spectral band G, R, NIR R, G, B, NI R, G, B, NI - 
Pixel resolution 15 m 2.4 m 0.4 m - 
Radiometric 
resolution 8 bit 8 bit 14 bit - 
Point density - - - about 40 points m-2 
Number of echo 
types - - - 4 
  
Field data over the four study sites were collected during August 2009 and the sites were 
revisited in August 2011. During the field campaigns, the dominant and co-dominant species 
and stand structure information of each site were recorded and overlapped with the 0.15 m 
high-resolution camera image. Besides the species at stand level, several individual trees in each 
site were also selected representatively as sample trees for each species type and their location, 
height, and diameter at breath height were measured.  
 
S3 
S2 
S1 
S4 
2km 
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2.2 Dempster-Shafer theory 
 
The DST firstly defines a frame   of   discernment   Θ   that   contains   all   the   θi classes under 
consideration: 1[ , ,..., ]i N    . A power set 2Θ is  then  defined  including  all  the  subset  of  Θ  
and the empty set  . For example, if N=2, the power set is: 
 
1 2 1 22 [ , , , ]      .                                            (1)  
 
DST utilizes mass functions characterizing the confidence of a evidence belong to each focal 
element (e.g., 1 ). The mass function ( )m A are in a form of probabilities such that 
0 ( ) 1, ( ) 0m A m    , and 
2
( ) 1A m A  , where 2A  . Let n defines the number of 
evidences, probability masses ( )i jm B  can be defined for all classes 2jB  . DST allows the 
combination of these probabilities from multiple evidences to calculate a combined mass for 
each class 2A  : 
 
1
1
1
...
1
...
( )
( )
1 ( )
i n
i n
i ji n
B B B A
i ji n
B B B
m B
m A m B

 

 

 
 
   .                              (2) 
 
Two decision rules supporting credibility and plausibility can be defined for all 2A  :    
 
( ) ( )
i
i
B A
Cr A m B

  ,                                               (3) 
2 ,
( ) ( )
i i
i
B A B
Pl A m B
 
  .                                                (4)    
 
For each decision rule, the hypothesis which maximizing the decision statistics is adopted as the 
most credible or plausible decision (More et al., 2011). In this study, we used the maximum 
credibility. 
   
2.2 Pre-process and segmentation  
 
Generally, object-oriented fusion of remote sensing data can be performed at one of the three 
stages: data processing stage, segmentation stage, and classification stage. In this study, we put 
the fusion method in the last stage (i.e., classification). Figure 2 shows a workflow of the 
methodology implemented. For each study site, the 15 m resolution ASTER image (G, R, and 
NIR bands), the 2.4 m resolution QuickBird image (RGB and NI bands), the 0.4 m resolution 
aerial image (RGB and NI bands), and the 1 m resolution CHM image were first geometrically 
co-registered together to ensure that the error due to mismatching was within 1 pixel. Next, the 
CHM was resampled to 2.4 m to geographically overlap with the QuickBird and aerial images.  
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Figure 2: Workflow of forest species classification based on Dempster-Shafer theory. 
 
Two segmentation algorithms were applied to delineate images into meaningful objects at 
multi-scale. The first algorithm used is Region Growing implemented by the SPRING 5.2 
software (SPRING - DPI/INPE, 2012). We used the segmentation module in SPRING 5.2 to 
process the ASTER and QuickBird images. For each of the two datasets, three spectral bands G, 
R, and NIR for ASTER, and R, G, B for QuickBird images were used as input raster layers. The 
two parameters, similarity and area (pixels) in the region growing algorithm were determined 
empirically based on trial-and-error. The best parameter combination for ASTER and QuickBird 
images are: [Similarity=2, Area=10] and [Similarity=1, Area=100], respectively. The second 
algorithm used is a multi-scale individual tree crown (ITC) segmentation method derived in our 
previous study (Jing et al., 2012). Although this algorithm was developed for delineating 
individual tree crowns, boundary of tree-groups can be still obtained by changing the scale 
parameters of crowns to larger values (Jing et al., 2012). The scale parameter used to segment 
aerial image based on the ITC algorithm (Jing et al., 2012) was [23, 33, 43], where 33 
represents the dominant segment size (diameter in pixels). 
 
In this way, forests were segmented at a coarse level based on ASTER image, at a middle level 
based on Quickbird image, and at a fine level based on aerial image. The segments in ASTER 
image represent large areas (canopy) with relative homogenous forest; the segments in 
QuickBird image represent middle area (stand) homogenous forests; and the segments in aerial 
image represent small area homogenous tree-groups.  
 
Besides the original RGB and NI image layers, following raster layers were also created for all 
data sources using ENVI software: (1) NDVI for QuickBird and arieal data, (2) gray level 
co-occurrence matrix (GLCM) based homogeneity feature derived based on the green band of 
each data source using ENVI software, and (3) slope using CHM.   
 
2.3 Selection of species categories  
 
In this study, classification of forest species was tested at tree-group scale. Objects were defined 
as the obtained segments on aerial image using ITC algorithm and large scale parameters. An 
individual objects normally covered a group of 5-20 individual trees depending on the spatial 
ASTER QuickBird Aerial 
image 
LiDAR 
Region Growth  
Segmentation 
ITC 
Segmentation 
Geometric co-registration 
CHM 
Object Scale 1 Object Scale 2 Object Scale 3 
Variables (mean values) calculation 
for each object  
Slope 
Knowledge-based 
evidences  
Demster-Shafer Theory 
classification  
Posterior 
Probability   
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distribution and size of trees. The species classes to be evaluated in this study are: white pine 
(Pw), jack pine plantation (PjP), sugar maple (Ms), trembling aspen (Pt), and mixedwood 
(Wm).  
 
2.4 Dempster-Shafer classification 
 
The DST is a generalization of Bayesian theory of probability that handles the combination of 
multiple independent evidences derived from various sources. Using DST, the degree of belief 
for different classes or grouped classes can be obtained. For the details of the DST, especially in 
the forest applications, see Mora et al. (2011). Here, we mainly present the construction of 
probability masses. 
 
Segments obtained based on aerial image have unique object identities (single integers). Given 
an object, we calculated the mean values of the RGB and NI bands from the aerial image. A 
Navie Bayes classification algorithm (Mitchell, 1997) was then used to calculate the posterior 
probabilities for the given object belonging to each class. The Navie Bayes classifier assumes 
that the presence of a particular feature of a class is unrelated to the presence of any other 
features, and all the features independently contribute to the probability distribution for a given 
class. The posterior probabilities were then used as one of the mass functions for the aerial 
image.  
 
For the ASTER, QuickBird, and CHM data, mass functions were assigned manually, and were 
based on expert knowledge. They are used to support singleton or compound hypotheses (Table 
2). The evidences were designed based on: (1) canopy spectral feature at red band, (2) canopy 
homogeneity, (3) stand homogeneity, (4) stand forest cover - NDVI, and (5) stand surface slope. 
They are summarized in the following descriptions.  
      
1. Canopy spectral feature at red band refers to the mean value of all pixels belong to the 
object. It is obvious based on ASTER data that coniferous trees generally has lower 
green pixel value than deciduous trees, and a threshold of DN=45 was used to easily 
separate coniferous and deciduous trees in our study area. This evidence supports class 
group: [Pw, PjP]. For each object, we assigned the probability mass 1
0.7, 45
0.3, 45
xP x
  
, 
where x is the mean value of pixels of the red band. 
2. Canopy homogeneity refers to the mean value of GLCM homogeneity features belong 
to the object. It is calculated based on ASTER data. This evidence supports the jack 
pine plantation and deciduous trees [PjP, Ms, Pt]. The object with evidence value close 
to 1 represents homogenous canopy. We assigned the probability mass 
2
0.7, 0.7
0.3, 0.7
xP x
  
, where x is the mean value of GLCM homogeneity features of the 
object.  
3. Stand homogeneity has the similar meaning as canopy homogeneity, except that the 
stand homogeneity is derived from QuickBird data. Similarly, we assigned the 
probability mass 3
0.7, 0.7
0.3, 0.7
xP x
  
, where x is the mean value of GLCM 
homogeneity features of the object. 
4. NDVI is often used for separating vegetation and non-vegetation objects, while in this 
study we found that it is useful for classifying coniferous and deciduous trees. 
Coniferous trees exhibit lower NDVI values than deciduous trees. This evidence 
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supports class group [Pw, PjP]. We assigned the probability mass 4
0.7, 0.7
0.3, 0.7
xP x
  
, 
where x is the mean NDVI value of the objects derived from QuickBird data. 
5. Stand surface slope refers to the slope variation of crown tops in the stand. White pine 
and mixedwood stands have larger slope than the other species types. Due to the 
even-aged condition, jack pine plantation tends to have similar variation as other 
deciduous trees. This evidence supports the classes group: [Pw, Wm]. We assigned the 
probability mass 5
0.7, 35
0.3, 35
xP x
  
, where x is the mean slope value of objects from 
the slope raster layer derived from CHM.  
 
Many decision rules have been proposed for choosing the best hypothesis (classes) after the 
combination of evidences. In this study, we applied the most common decision rules defined by 
Shafer (1976): the maximum credibility and maximum plausibility.   
 
Table 2: Evidences in support of different class groups used in the species classification using DST. Pw: 
white pine; PjP: jack pine plantation; Ms: sugar maple; Pt: trembling aspen; Wm: mixedwood. 
 
Data source Evidence Supported class group 
Mass function 
type 
Probability 
range 
ASTER: Red Canopy spectral feature at green band [Pw, PjP] Fixed probability 0.3/0.7 
ASTER: Texture Canopy homogeneity [PjP, Ms, Pt] Fixed probability 0.3/0.7 
Aerial image: RGB+NI Native Bayesian posterior probability 
[Pw], [PjP], [Ms], 
[Pt], [Wm] 
Posterior 
probability 0.0-1.0 
LiDAR: Slope Stand surface slope [Pw, Wm] Fixed probability 0.3/0.7 
QuickBird: NDVI Stand forest Cover [Pw, PjP] Fixed probability 0.3/0.7 
QuickBird: Texture Stand homogeneity [PjP, Ms, Pt] Fixed probability 0.3/0.7 
 
3. Results and discussion  
 
The amount of segments derived for the four study sites S1-S4 were: 2266, 265, 579, and 239, 
respectively. As an example, the segmentation result of site S2 is shown in Figure 3. Among 
those segments (objects), we selected 322 samples covering the five species categories as 
training and testing dataset. For each species, we selected the samples to ensure that any of the 
training samples and any of the testing samples are not located within a unique object in the 
large scale segmentation map derived from ASTER. As a result, 161 samples were selected for 
training and another 161 samples for testing. The overall accuracy of classification based on 
Navie Bayesian using only the RGB and NI bands of aerial image was 72.1%. Using the DST, 
the overall accuracy was increased to 80.8%. The number of correctly identify tree-groups were 
increased mainly for white pine and mixedwood (Table 3 and Table 4), and the user’s  accuracies  
for individual species were also improved. The jack pine plantation was always identified with 
100% accuracy, which is not surprising for us because their spectral signatures and canopy 
shape are extremely homogeneous and unique. Table 3 and Table 4 also indicate that sugar 
maple is the most difficult species to be identified, likely due to the varied range of ages and 
non-homogenous crowns. The sugar maple trees in our study area sometimes are growing mixed 
with oak trees, resulting in various spectral signatures. We also compared the classification 
accuracy using all datasets to the accuracy without LiDAR data. Our results indicate that DS 
classification using combined LiDAR and optical data can be improved with about 3% overall 
accuracy, especially for the separation of white pine and other species.  
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Figure 3: Segmentation result at tree-group scale on study site 2 (left) and a subset demonstration (right). 
 
Table 3: Error matrix of Navie Bayesian classification at tree-group scale using only aerial image. Pw: 
white pine; PjP: jack pine plantation; Ms: sugar maple; Pt: trembling aspen; Wm: mixedwood.   
 
 Reference   
 Pw PjP Ms Pt Wm User’s accuracy 
Pw 54 0 2 0 5 88.5% 
PjP 0 32 1 0 0 100.0% 
Ms 5 0 12 2 14 36.4% 
Pt 0 0 2 6 0 75.0% 
Wm 1 0 9 4 12 46.1% 
Total 60 32 26 12 31  
Producer’s  
accuracy 90% 100% 46.2% 50% 38.7%  
Overall 
accuracy 72.1%      
 
 
4. Conclusions 
 
In this paper we proposed a Demster-Shafer theory based classification method using 
multi-source remote sensing data to classify dominant species of tree-groups. Throughout the 
proposed method, spectral information from different sensors was naturally combined together 
in a form of mass probability. Multi-scale segmentation algorithms provide the feasibility of 
geographic link of an object among different spatial resolutions without resample original 
datasets. About 80% overall accuracy of species classification can be obtained in our study area 
using the proposed method. Combining imagery and LiDAR data is also proved effective to 
increase species classification accuracy. However, the methodology still needs to be refined and 
tested on large forest area before it can be applied to large forests operationally. In the future, 
more efforts should be made on the assignment of mass functions as well as a set of sensitivity 
analysis.  
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Table 4: Error matrix of Damster-Shafer classification at tree-group scale using combined image and 
LiDAR datasets. Pw: white pine; PjP: jack pine plantation; Ms: sugar maple; Pt: trembling aspen; Wm: 
mixedwood. 
 
 Reference  
 Pw PjP Ms Pt Wm 
User’s  
accuracy 
Pw 59 0 1 0 4 92.1% 
PjP 0 32 0 0 0 100% 
Ms 1 0 16 2 11 53.3% 
Pt 0 0 1 7 0 87.5% 
Wm 0 0 8 3 16 59.3% 
Total 60 32 26 12 31  
Producer’s  
accuracy 98% 100% 61.5% 58.3% 51.6%  
Overall 
accuracy 80.8%  
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Incorporating LiDAR-derived tree height data into an Alberta 
Vegetation Inventory (AVI) operational softcopy workflow 

0LFKDHO&KXEH\*HRII/DZOHVV0DXULFH/DSLHUUH	.HYLQ6WHKOH

6LOYDWHFK&RQVXOWLQJ/WGPFKXEH\#VLOYDWHFKFD

3DSHU1XPEHU  6/


Abstract 

7KHXWLOLW\RI/L'$5GDWDIRUJHQHUDWLQJDZLGHUDQJHRIIRUHVWLQYHQWRU\SDUDPHWHUVKDVEHHQ
GHPRQVWUDWHGWLPHDQGDJDLQE\PDQ\UHVHDUFKHUVIURPDURXQGWKHJOREHRYHUWKHFRXUVHRIWKH
ODVW GHFDGH <HW DGRSWLRQ RI /L'$5 WHFKQRORJ\ IRU XVH LQ ODUJH VFDOH RSHUDWLRQDO IRUHVW
LQYHQWRU\ SURMHFWV E\ QRQUHVHDUFKHUV KDV EHHQ VORZ SRVVLEO\ SDUWLDOO\ GXH WR WKH ODFN RI
SUDFWLFDO WRROV DQG PHWKRGV GHVLJQHG IRU LQWHJUDWLQJ /L'$5 GDWD LQWR WKH RSHUDWLRQDO IRUHVW
LQYHQWRU\ SURFHVV 7KH FRQYHQWLRQDO DSSURDFK IRU FRPSLOLQJ IRUHVW LQYHQWRU\ LQIRUPDWLRQ LV
WKRXJKWKHSURFHVVRISKRWRLQWHUSUHWDWLRQXVLQJWHFKQLTXHVWKDWKDYHFKDQJHGOLWWOHRYHUWKHODVW
KDOIFHQWXU\,QDQDWWHPSWWRUHGXFHWKHVXEMHFWLYLW\LQKHUHQWLQWKHSKRWRLQWHUSUHWDWLRQSURFHVV
ZLWK UHVSHFW WR WUHH KHLJKW UHODWHG DWWULEXWHV DQ DSSURDFK ZDV GHYHORSHG IRU LQFRUSRUDWLQJ
DXWRPDWLFDOO\ JHQHUDWHG/L'$5GHULYHG WUHH KHLJKW SURILOH GDWD LQWR WKH RSHUDWLRQDO VRIWFRS\
SKRWR LQWHUSUHWDWLRQ ZRUNIORZ RI D ODUJH IRUHVW LQYHQWRU\ SURMHFW:H IHHO WKDW WKH REMHFWLYH
QDWXUHRIWKHDSSURDFKGHVFULEHGKHUHLQWUDQVODWHGLQWRJUHDWHUFRQVLVWHQF\LQWUHHKHLJKWUHODWHG
DWWULEXWHVWKXVLQFUHDVLQJWKHLQWHJULW\RIWKHILQDOLQYHQWRU\SURGXFW


1. Introduction 

)RUHVW YHJHWDWLRQ LQYHQWRULHV LQPRVW MXULVGLFWLRQV LQ&DQDGD DUH FRPSLOHG E\FHUWLILHG SKRWR
LQWHUSUHWHUVLQDSKRWRJUDPPHWULFRUVRIWFRS\HQYLURQPHQWLQFRQMXQFWLRQZLWKOLPLWHGJURXQG
VDPSOHG FDOLEUDWLRQ GDWD 3LQWR et al., :RRGV et al. :KLOH LPSURYHPHQWV KDYH
EHHQPDGHWRWKHRYHUDOOIUDPHZRUNWKHXQGHUO\LQJDSSURDFKLVWKHVDPHDVWKDWGHYHORSHGLQ
WKH¶VDQGUHOLHVKHDYLO\RQWKHVNLOODQGH[SHULHQFHRILQGLYLGXDOLQWHUSUHWHUV/HFNLHDQG
*LOOLV  .LQJ  7KH UHFHQW VKLIW WR VRIWFRS\ SKRWR LQWHUSUHWDWLRQ IURP KDUGFRS\
GHOLQHDWLRQRQSKRWRJUDSKVKDVOHGWRLQFUHPHQWDOLPSURYHPHQWVWRGHOLYHU\WLPHVEXWKDVQRW
UHVXOWHG LQ VXEVWDQWLDO LPSURYHPHQWV WR WKH LQIRUPDWLRQ TXDOLW\ RU UHOLDELOLW\ RI YHJHWDWLRQ
LQYHQWRULHV3LQWRet al.,0DJQXVVHQDQG5XVVR 

$WWULEXWHVUHODWHG WR WUHHKHLJKWDQGYHUWLFDO VWDQGVWUXFWXUHDUHNH\FRPSRQHQWVRIDQ\ IRUHVW
UHVRXUFH LQYHQWRU\0DQ\VWXGLHVRYHU WKHSDVWGHFDGHKDYHGRFXPHQWHGWKHXWLOLW\RI/L'$5
IRUJHQHUDWLQJKHLJKWUHODWHGIRUHVWLQYHQWRU\DWWULEXWHV/LPet al.,1DHVVHW=KDRet 
al.,  7R GDWH KRZHYHU H[DPSOHV RI /L'$5 EHLQJ XVHG LQ WKH SURGXFWLRQ RI IRUHVW
LQYHQWRULHV LQ DQ RSHUDWLRQDO VHWWLQJ SDUWLFXODUO\ LQ &DQDGD DUH VFDUFH +LONHU et al., 
:RRGVet al.7UHLW]et al., 7KHVORZDGRSWLRQRI/L'$5WRRSHUDWLRQDOLQYHQWRU\
DSSOLFDWLRQVKDVODUJHO\EHHQDWWULEXWHGWRFRVWKRZHYHUDQRWKHUUHDVRQPD\UHODWHWRWKHIDFW
WKDW WRROV DQG PHWKRGV IRU LQWHJUDWLQJ /L'$5 GDWD LQWR UHDOZRUOG RSHUDWLRQDO LQYHQWRU\
ZRUNIORZVDUHQRW UHDGLO\DYDLODEOH7KHSXUSRVHRI WKLVSDSHU LV WRGHVFULEHDQ DSSURDFK IRU
LQFRUSRUDWLQJ /L'$5GHULYHG WUHH KHLJKW GDWD LQWR DQ RSHUDWLRQDO VRIWFRS\ ZRUNIORZ DQG
GLVFXVVKRZLWZDVDSSOLHGLQDUHFHQWODUJHVFDOH$OEHUWD9HJHWDWLRQ,QYHQWRU\$9,SURMHFW


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2. Methods 
 
7KH SURMHFW DUHD ZDV ORFDWHG LQ WKH %RUHDO )RUHVW 1DWXUDO 5HJLRQ RI $OEHUWD &DQDGD
DSSUR[LPDWHO\NPQRUWKZHVWRI(GPRQWRQDQGFRYHUHGDQDUHDRIDSSUR[LPDWHO\
KD )LJXUH  /DQGFRYHUZDVPDLQO\ IRUHVWHGZLWK VSHFLHV FRPSULVHG SULPDULO\ RI WUHPELQJ
DVSHQPopulus tremuloidesEODFNVSUXFHPicea marianaZKLWHVSUXFHPicea glaucaDQG
MDFNSLQHPinus banksianaZLWKPLQRUDPRXQWVRI WDPDUDFN Larix laricinaEDOVDPSRSODU
Populus balsamiferaSDSHUELUFKBetula papyriferaDQGEDOVDPILUAbies balsamea



)LJXUH3URMHFWDUHDLQWKH%RUHDO)RUHVW1DWXUDO5HJLRQRI$OEHUWD&DQDGD


2ULJLQDO /L'$5 SRLQW FORXG GDWD FRYHULQJ WKH HQWLUH SURMHFW DUHD ZLWK DQ DSSUR[LPDWH SRVW
VSDFLQJ RI  P ZHUH SURFHVVHG WR SURGXFH D SRLQWEDVHG FDQRS\ KHLJKW PRGHO &+0
UHSUHVHQWLQJKHLJKWDERYHJURXQGDWWKHRULJLQDO/L'$5SRLQWORFDWLRQV:LWKDQRULJLQDOSRVW
VSDFLQJRIaPLWZDVXQGHUVWRRGWKDWPRVWRIWKH/L'$5SRLQWVLQWKHGDWDVHWUHSUHVHQWHG
HOHYDWLRQVVRPHZKHUHEHWZHHQ WRSRIFDQRS\DQG WKHJURXQG ,QDQDWWHPSW WR LGHQWLI\SRLQWV
WKDW FRUUHVSRQGHG DV FORVHO\ DV SRVVLEOH WR DFWXDO WUHH WRS PHDVXUHPHQWV DV RSSRVHG WR
PLGFDQRS\ KLWV WKH &+0 ZDV IXUWKHU SURFHVVHG XVLQJ D SRLQW ILOWHULQJ WHFKQLTXH ZKLFK
WKLQQHGWKH&+0GDWDWRUHWDLQRQO\WKHKLJKHVWHOHYDWLRQSRLQWVDWWKHFHQWUHRIDPRYLQJP
GLDPHWHU QHLJKERXUKRRG )LJXUH  7KH KRUL]RQWDO GLVWDQFH ILOWHULQJ WKUHVKROG P LQ WKLV
FDVHZDVFKRVHQDIWHUFRPSDULQJYDULRXVSRLQWILOWHULQJUHVXOWVZLWKILHOGPHDVXUHGWUHHKHLJKWV
IURP  SORWV GLVWULEXWHG DFURVV WKH SURMHFW DUHD $OO /L'$5 SRLQW FORXG SURFHVVLQJ ZDV
SHUIRUPHGXVLQJWKH7HUUDVFDQVRIWZDUHSDFNDJHZZZ7HUDVROLGFRP
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


)LJXUH)LOWHUHG&+0SRLQWVUHSUHVHQWLQJPD[LPXPKHLJKWVHYHU\aPRYHUODLGRQFRORXULQIUDUHG
&,5GLJLWDOLPDJHU\3RLQWVIDOOLQJZLWKLQDIRUHVWSRO\JRQDUHVHOHFWHGKLJKOLJKWHGLQEOXHDQG
VXEVHTXHQWO\XVHGWRJHQHUDWHDKHLJKWIUHTXHQF\GLVWULEXWLRQIRUWKHVHOHFWHGSRO\JRQVHH)LJXUH 


$FXVWRPVWDWLVWLFDODQDO\VLVVRIWZDUHWRROZDVGHYHORSHGDQGLPSOHPHQWHGZLWKLQWKHVRIWFRS\
HQYLURQPHQWZKLFK HQDEOHG LQWHUSUHWHUV WR XWLOL]H WKH SURFHVVHG /L'$5 GDWD ³RQ WKH IO\´ E\
DXWRPDWLFDOO\ JHQHUDWLQJ KHLJKW IUHTXHQF\ GLVWULEXWLRQV DQG VXPPDU\ VWDWLVWLFV IRU VHOHFWHG
IRUHVW SRO\JRQV 7KH UHVXOWLQJ KHLJKW IUHTXHQF\ KLVWRJUDPV ZHUH XVHG E\ WKH LQWHUSUHWHUV WR
TXLFNO\DVVHVV/L'$5WUHHKHLJKWUHODWHGFKDUDFWHULVWLFVIRUDQ\SRO\JRQ)LJXUH



)LJXUH)UHTXHQF\GLVWULEXWLRQKLVWRJUDPVXPPDUL]LQJ/L'$5GHULYHGFDQRS\KHLJKWGDWDIRUWKHIRUHVW
LQYHQWRU\SRO\JRQKLJKOLJKWHGLQ)LJXUH



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3. Results and Discussion 
 
$FFXUDF\ RI WKH /L'$5GHULYHG KHLJKWV ZDV DVVHVVHG E\ FRPSDULQJ ILHOG PHDVXUHG KHLJKWV
ZLWK PHDQ /L'$5GHULYHG KHLJKWV IRU SRO\JRQV LQ ZKLFK WKH ILHOG SORWV ZHUH ORFDWHG 7KH
UHODWLRQVKLS EHWZHHQ /L'$5GHULYHG SRO\JRQ KHLJKWV DQG FRUUHVSRQGLQJ ILHOG SORW KHLJKWV LV
VKRZQLQ)LJXUH5 SQ $t-WHVWIRXQGQRVLJQLILFDQWGLIIHUHQFHEHWZHHQ
WKH WZR GDWD VHWV S !  7KH VWURQJ UHODWLRQVKLS EHWZHHQ ILHOG PHDVXUHG DQG
/L'$5GHULYHGKHLJKWVREVHUYHGLQWKLVDQDO\VLVLVFRQVLVWHQWZLWKILQGLQJVIURPVHYHUDOUHFHQW
VWXGLHV0HDQVet al.,&RRSVet al.,:RRGVet al.,



)LJXUH5HODWLRQVKLSEHWZHHQ/L'$5GHULYHGPHDQSRO\JRQKHLJKWVDQGFRUUHVSRQGLQJ
ILHOGPHDVXUHGKHLJKWV5 SQ 
 
 
7KHFRQYHQWLRQDODSSURDFKIRUGHULYLQJVWDQGOHYHOWUHHKHLJKWVLQDIRUHVWLQYHQWRU\LVPDQXDO
PHDVXUHPHQWRIDVPDOOQXPEHURIWUHHV WKRXJKWWREHUHSUHVHQWDWLYHRIWKHVWDQGE\DSKRWR
LQWHUSUHWHU LQ D SKRWRJUDPPHWULF RU VRIWFRS\ HQYLURQPHQW :LWK WKLV DSSURDFK SRWHQWLDO
VXEMHFWLYHELDVH[LVWVLQVHYHUDODUHDVLQFOXGLQJWKHQXPEHURIWUHHVVHOHFWHGIRUPHDVXUHPHQW
WKHFKRLFHRIWUHHVWREHPHDVXUHGDQGWKHVNLOOZLWKZKLFKWKHWUHHVDUHPHDVXUHG%\FRQWUDVW
WKH /L'$5EDVHG DSSURDFK DSSOLHG LQ WKLV SURMHFW RIIHUV DQ REMHFWLYH DOWHUQDWLYH WKDW
VLJQLILFDQWO\ UHGXFHV LQWHUSUHWHU ELDV E\ DOPRVW FRPSOHWHO\ HOLPLQDWLQJ WKH QHHG IRU VHOHFWLQJ
DQG PHDVXULQJ WUHHV LQ VRIWFRS\ 2QFH DFFXVWRPHG WR HYDOXDWLQJ WKH KHLJKW SURILOH GDWD
LQWHUSUHWHU VWDQG KHLJKW FDOOV ZHUH IRXQG WR EH PRUH FRQVLVWHQW FRPSDUHG WR ZKDW ZRXOG EH
H[SHFWHGIURPWKHFRQYHQWLRQDODSSURDFK

,QDGGLWLRQWRVWDQGKHLJKWWKHIUHTXHQF\GLVWULEXWLRQKLVWRJUDPVJHQHUDWHG³RQWKHIO\´RIIHUHG
LQWHUSUHWHUV D TXLFN HDV\ DQG DFFXUDWHPHWKRG RI DVVHVVLQJ VWDQG VWUXFWXUH DQG GHWHUPLQLQJ
ZKHWKHUDVWDQGLVVLQJOHRUPXOWLVWRU\)RUH[DPSOHLQWHUSUHWDWLRQRIWKHKLVWRJUDPLQ)LJXUH
 UHYHDOV D WZR VWRU\ VWDQG FKDUDFWHUL]HG E\ D ³GRXEOH KXPS´ GLVWULEXWLRQ SDWWHUQ 6RIWFRS\
DQDO\VLVRIFRORXULQIUDUHG&,5LPDJHU\UHYHDOHGDZKLWHVSUXFHOHDGLQJVWDQGZLWKDPDWXUH
PL[HG VSUXFHWUHPEOLQJ DVSHQ RYHUVWRU\  ZKLWH VSUXFH DQG D \RXQJHU VSUXFHDVSHQ
XQGHUVWRU\OD\HUZKLWHVSUXFH,QWKLVH[DPSOHWKHRYHUVWRU\ZKLWHVSUXFHFDQRS\OD\HU
UDQJHV LQKHLJKW IURPPZLWKDGRPLQDQWKHLJKWRIDSSUR[LPDWHO\PDQG WKHVSDUVH
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DVSHQ FRPSRQHQW PHDVXULQJ DSSUR[LPDWHO\  P 7KH XQGHUVWRU\ ZKLWH VSUXFH OD\HU LV
DSSUR[LPDWHO\PZKLOHWKHXQGHUVWRU\DVSHQOD\HUYDULHVEHWZHHQP

$KHLJKWIUHTXHQF\GLVWULEXWLRQIRUDVLQJOHVWRU\ WUHPEOLQJDVSHQVWDQG LVVKRZQLQ)LJXUH
7KHKLVWRJUDPIRUWKLVVWDQGH[KLELWVDFODVVLFEHOOVKDSHGGLVWULEXWLRQSDWWHUQFKDUDFWHULVWLFRID
VLQJOHVWRU\IRUHVWFDQRS\DQGUHYHDOVDGRPLQDQWVWDQGKHLJKWRIP 



)LJXUH+HLJKWIUHTXHQF\GLVWULEXWLRQIRUDVLQJOHVWRU\WUHPEOLQJDVSHQVWDQG


2QH OLPLWDWLRQRI WKH/L'$5EDVHGKLVWRJUDPKHLJKW LQWHUSUHWDWLRQDSSURDFK LV WKDW LWGLGQRW
ZRUNZHOOLQZHWODQGFRPSOH[VWDQGV,QWKHVHVWDQGVEODFNVSUXFHDQGODUFKWDPDUDFNVSHFLHV
RIWHQJURZ LQYHU\FORVHSUR[LPLW\ WRRQHDQRWKHU LQGXDO VSHFLHVFDQRS\ OD\HUVEXWZLWK WKH
ODUFKWDPDUDFN WUHHV VLJQLILFDQWO\ WDOOHU WKDQ EODFN VSUXFH WUHHV'XH WR WKHZD\ LQZKLFK WKH
/L'$5GDWDZHUHSURFHVVHGIRUWKLVSURMHFWLHILOWHULQJWRUHWDLQRQO\PD[LPXPKHLJKWVHYHU\
aPEODFNVSUXFH WUHHVZHUHQRWZHOO UHSUHVHQWHG LQ WKH/L'$5GHULYHGKHLJKW IUHTXHQF\
GLVWULEXWLRQV ,Q WKHVH FDVHV LQWHUSUHWHUV QHHGHG WR FDOLEUDWH WKHLU KHLJKW GHWHUPLQDWLRQV IRU
EODFNVSUXFHWUHHVEDVHGRQILHOGGDWDDQGWKHLUNQRZOHGJHRIEODFNVSUXFHDQGODUFKWDPDUDFN
UHODWLRQVKLSV

7KHIXOOHIIHFWRIOLGDULQWHJUDWLRQIRUWKLVSURMHFWLVGLIILFXOWWRTXDQWLI\VLQFHVHYHUDODVSHFWVRI
WKHLQYHQWRU\SURFHVVZHUHDIIHFWHGVRPHWLPHVLQVXEWOHZD\V+RZHYHUTXDOLWDWLYHIHHGEDFN
IURP LQWHUSUHWHUV LQGLFDWHG WKDW LQ JHQHUDO WKH\ OLNHG WKH DSSURDFK DQG IHOW WKDW LW KHOSHG
LPSURYH WKH RYHUDOO LQWHJULW\ RI WKH ILQDO SURGXFW 6HYHUDO LQWHUSUHWHUV UHSRUWHG IHHOLQJ PRUH
FRQILGHQWLQWKHLUKHLJKWFDOOVZKLFKWUDQVODWHG LQWROHVVVSHFXODWLRQRU³VHFRQGJXHVVLQJ´ZLWK
UHVSHFWWRDWWULEXWLRQRIVHYHUDORWKHUYDULDEOHVLQFOXGLQJVWDQGDJHVWUXFWXUHVSHFLHVPL[DQG
WLPEHU SURGXFWLYLW\ UDWLQJ 735 7KH ILQDO LQYHQWRU\ SURGXFW ZDV IRXQG WR PHHW RU H[FHHG
*RYHUQPHQWRI$OEHUWDVSHFLILFDWLRQVEDVHGRQWKHUHVXOWVRIDVWDQGDUGSURYLQFLDO$9,DXGLW

$E\SURGXFWRIWKH/L'$5DQDO\VLVSHUIRUPHGLQWKLVSURMHFWZDVWDEXODUVXPPDULHVRIKHLJKW
IUHTXHQF\GLVWULEXWLRQGDWDE\SRO\JRQ7KLVLQIRUPDWLRQZDVDSSHQGHGWRWKHDWWULEXWHWDEOHVRI
WKH SURMHFW GHOLYHUDEOH $9, SRO\JRQV DV HQKDQFHG WUHH KHLJKW DWWULEXWHV )LJXUH  :KLOH
WUDGLWLRQDOO\ WKH PDLQ DSSOLFDWLRQ RI WKH IRUHVW LQYHQWRU\ LQ &DQDGD KDV EHHQ WLPEHU
PDQDJHPHQWLWLVQRZDFFHSWHGWKDWIRUHVWLQYHQWRU\LQIRUPDWLRQLVLPSRUWDQWIRUDEURDGUDQJH
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6HSWHPEHU±9DQFRXYHU&DQDGD
 6 
RIVRFLDOHQYLURQPHQWDODQGHFRQRPLFIRUHVWPDQDJHPHQWJRDOV:XOGHUet al.,6SHFLDO
&RPPLWWHHRQ7LPEHU6XSSO\(QKDQFHG LQIRUPDWLRQ VXFKDV WKHGHWDLOHGGHSLFWLRQRI
VWDQG YHUWLFDO VWUXFWXUH VKRZQ LQ )LJXUH  FRXOG SRWHQWLDOO\ EH OHYHUDJHG IRU QRQWUDGLWLRQDO
SXUSRVHVVXFKDVDVVHVVLQJKDELWDWVXLWDELOLW\IRUSDUWLFXODUZLOGOLIHVSHFLHV



)LJXUH(QKDQFHGKHLJKWUHODWHGLQIRUPDWLRQLQFOXGHGLQWKHILQDOSRO\JRQDWWULEXWHWDEOH


4. Conclusion 

7KLV SDSHU KDV SUHVHQWHG DQ H[DPSOH RI KRZ /L'$5 GDWD FDQ EH LPSOHPHQWHG ZLWKLQ DQ
RSHUDWLRQDO VRIWFRS\ ZRUNIORZ DV DQ DOWHUQDWLYH WR FRQYHQWLRQDO SKRWR LQWHUSUHWDWLRQEDVHG
PHWKRGVIRUFRPSLOLQJIRUHVWLQYHQWRU\KHLJKWDWWULEXWHV7KHDSSURDFKRIXVLQJ/L'$5EDVHG
VWDWLVWLFDOO\GHULYHGWUHHKHLJKWSURILOHVDVDQDLGWRDVVHVVLQJKHLJKWUHODWHGDWWULEXWHVZDVIRXQG
WR UHGXFH VXEMHFWLYLW\ LQ WKH LQWHUSUHWDWLRQ SURFHVV WKXV LQFUHDVLQJ WKH LQWHJULW\ RI WKH ILQDO
LQYHQWRU\SURGXFW$OWKRXJKPXFKUHVHDUFKKDVSURYHQWKHVXLWDELOLW\RI/L'$5IRUGHULYLQJD
KRVWRIIRUHVWSDUDPHWHUVPRUHRSHUDWLRQDOO\IRFXVHGWRROVDQGPHWKRGVDUHQHHGHGLQRUGHUWR
IXOO\ FDSLWDOL]H RQ WKH SRWHQWLDOO\ ULFK LQIRUPDWLRQ FRQWHQW RI /L'$5 GDWD VHWV LQ WKH
FRPSLODWLRQRIUHDOZRUOGIRUHVWYHJHWDWLRQLQYHQWRULHV


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Vegetation classification in southern pine mixed hardwood forests 
using airborne scanning laser point data 
5REHUW-0F*DXJKH\6WHSKHQ(5HXWHEXFK
86'$)RUHVW6HUYLFH3DFLILF1RUWKZHVW5HVHDUFK6WDWLRQEPFJDXJKH\#IVIHGXV
86'$)RUHVW6HUYLFH3DFLILF1RUWKZHVW5HVHDUFK6WDWLRQVUHXWHEXFK#IVIHGXV

3DSHU1XPEHU6/

1. Introduction 
)RUHVWVRIWKHVRXWKHDVWHUQ8QLWHG6WDWHVDUHGRPLQDWHGE\DUHODWLYHO\VPDOOQXPEHURIFRQLIHU
VSHFLHV+RZHYHUPDQ\RIWKHVHIRUHVWVDOVRKDYHDKDUGZRRGFRPSRQHQWFRPSRVHGRIDZLGH
YDULHW\RIVSHFLHVWKDWDUHIRXQGLQDOOFDQRS\SRVLWLRQV7KHSUHVHQFHRUDEVHQFHRIKDUGZRRG
VSHFLHVDQGWKHLUSRVLWLRQLQWKHFDQRS\RIWHQGLFWDWHVPDQDJHPHQWDFWLYLWLHVVXFKDVWKLQQLQJRU
SUHVFULEHGEXUQLQJ,QDGGLWLRQWKHFKDUDFWHULVWLFVRIWKHXQGHUDQGPLGVWRU\OD\HUVRIWHQ
GRPLQDWHGE\KDUGZRRGVSHFLHVDUHNH\IDFWRUVZKHQDVVHVVLQJVXLWDEOHKDELWDWIRUWKUHDWHQHG
DQGHQGDQJHUHGVSHFLHVVXFKDVWKH5HG&RFNDGHG:RRGSHFNHUPicoides borealis5&:
PDNLQJLQIRUPDWLRQGHVFULELQJWKHKDUGZRRGFRPSRQHQWLPSRUWDQWWRIRUHVWPDQDJHUV
*HQHUDOFODVVLILFDWLRQRIFRYHUW\SHVXVLQJ/,'$5GDWDKDVEHHQUHSRUWHG6RQJHWDO
%UHQQDQDQG:HEVWHUEXWPRVWHIIRUWVIRFXVLQJRQWKHLGHQWLILFDWLRQRILQGLYLGXDOVSHFLHV
RUVSHFLHVJURXSVUHO\RQVRPHW\SHRILPDJHU\WRSURYLGHPRUHFRPSOHWHVSHFWUDOLQIRUPDWLRQ
IRUWKHVWXG\DUHD%UDQGWEHUJIRXQGWKDWXVHRILQWHQVLW\GDWDVLJQLILFDQWO\LPSURYHG
/,'$5GHWHFWLRQDQGFODVVLILFDWLRQRIWKUHHOHDIRIIGHFLGXRXVHDVWHUQVSHFLHVRDNVQuercus
VSSUHGPDSOHAcer rubrum/DQG\HOORZSRSODULiriodendron tulipifera/
2XUSULPDU\REMHFWLYHZDVWRGHWHUPLQHWKHSURSRUWLRQRIKDUGZRRGVSHFLHVSUHVHQWLQWKH
FDQRS\XVLQJRQO\WKH/,'$5SRLQWGDWDDQGGHULYHGSURGXFWV+RZHYHUWKHSUHVHQFHRI
VHYHUDOKDUGZRRGVSHFLHVWKDWUHWDLQWKHLUIROLDJHWKURXJKWKHZLQWHUPRQWKVFRPSOLFDWHGRXU
DQDO\VHV:HSUHVHQWWZRFODVVLILFDWLRQDSSURDFKHV7KHILUVWLGHQWLILHVDUHDVFRQWDLQLQJ
KDUGZRRGDQGVRIWZRRGFRQLIHUVSHFLHV+6DQGWKHVHFRQGLGHQWLILHVYHJHWDWLRQZLWKIROLDJH
DEVHQWRUSUHVHQW)$)3DWWKHWLPHRIWKH/,'$5GDWDDFTXLVLWLRQ7KHFODVVLILFDWLRQUHVXOWV
ZHUHXVHGWRGHYHORSSUHGLFWRUYDULDEOHVIRUIRUHVWLQYHQWRU\PRGHOV7KHDELOLW\WRLQFRUSRUDWH
WKHSURSRUWLRQRIKDUGZRRGDQGVRIWZRRGZDVLPSRUWDQWWRWKHLQYHQWRU\DVZHOODVKDELWDW
DVVHVVPHQWVIRUWKH5&:
1.1 Data 
1.2 Study area 
7KLVVWXG\ZDVFRQGXFWHGRQWKH6DYDQQDK5LYHU6LWH656656LVD1DWLRQDO(QYLURQPHQWDO
5HVHDUFK3DUNFRYHULQJKDDFUHVORFDWHGLQWKHVRXWKHDVWHUQFRDVWDODUHDRIWKH
8QLWHG6WDWHVLQZHVWFHQWUDO6RXWK&DUROLQD,QSDUWQHUVKLSZLWKWKH'HSDUWPHQWRI(QHUJ\
'2(WKH86'$)RUHVW6HUYLFH¶V6DYDQQDK5LYHU)RUHVW6WDWLRQPDQDJHVQHDUO\KD
DFUHVRIFRPPHUFLDOIRUHVWDQGPRUHWKDQKDDFUHVRIQRQIRUHVWODQG
IRUDYDULHW\RIQDWXUDOUHVRXUFHV
)RUHVWVRIWKHDUHDDUHDERXWSLQHDQGKDUGZRRGRUPL[HGSLQHKDUGZRRG'RPLQDQW
SLQHVSHFLHVLQFOXGHORQJOHDIPinus palustris0LOODQGOREOROO\P. taeda/SLQHDQGFRPPRQ
KDUGZRRGVSHFLHVLQFOXGHYDULRXVRDNV\HOORZSRSODUEODFNJXPNyssa sylvatica0DUVK
VZHHWJXPLiquidambar styraciflua/UHGPDSOHKLFNRULHVCaryaVSSDQGKROOLHVIlex
 6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD 
VSS%RWWRPODQGKDUGZRRGIRUHVWVDUHIRXQGDORQJ656VWUHDPVDQGRQWKH³LVODQGV´RU
³ULGJHV´RIWKH6DYDQQDK5LYHUVZDPS,QWKHVHIRUHVWVW\SLFDOFDQRS\VSHFLHVLQFOXGHZDWHU
RDNQ. nigra/ODXUHORDNQ. laurifolia0LFK[VZHHWJXPHOPVUlmus alata0LFK[DQG
U. Americana/UHGPDSOHDQG\HOORZSRSODU6ZDPSIRUHVWVDUHFRPPRQDORQJWKHZHVWHUQ
ERXQGDU\RIWKHVLWHDGMDFHQWWRWKH6DYDQQDK5LYHU%DOGF\SUHVVTaxodium distichum/DQG
ZDWHUWXSHORNyssa aquatic/DUHFRPPRQLQWKHVHIRUHVWV:LWKLQWKHIRUHVWVRI656QRWDOO
KDUGZRRGVSHFLHVDUHGHFLGXRXV656KDVDPL[WXUHRIKDUGZRRGVSHFLHVWKDWDUHHYHUJUHHQ
WDUGLO\GHFLGXRXVRUWKDWUHWDLQGHVLFFDWHGOHDYHVWKURXJKZLQWHU
1.3 Laser data 
/,'$5GDWDZHUHDFTXLUHGIRU656LQWKHVSULQJRIZKHQGHFLGXRXVWUHHVZHUHLQOHDIRII
FRQGLWLRQ'DWDZHUHDFTXLUHGXVLQJWZR/HLFD$/6,,ODVHUVFDQQHUVGHVLJQDWHGDVVHQVRU
DQGVHQVRUE\WKHGDWDSURYLGHUPRXQWHGLQVHSDUDWHIL[HGZLQJDLUFUDIWDQGRSHUDWLQJ
GXULQJWKHVDPHWLPHSHULRG7KHDYHUDJHRYHUDOOSXOVHGHQVLW\ZDVDSSUR[LPDWHO\SXOVHVP
7KHWRWDODUHDFRYHUHGE\WKHDFTXLVLWLRQZDVDSSUR[LPDWHO\KDDFUHV
$FTXLVLWLRQVSHFLILFDWLRQVIRUWKHGDWDDUHVKRZQLQ7DEOH

7DEOH)OLJKWSDUDPHWHUVDQGVFDQQLQJV\VWHPVHWWLQJV
)O\LQJKHLJKWDERYHJURXQGSODQQHG P
6FDQDQJOHIORZQ 
6FDQDQJOHGHOLYHUHG 
$YHUDJHVFDQQLQJVZDWKZLGWKIORZQ P
6ZDWKRYHUODSIORZQ SHUFHQW
6FDQIUHTXHQF\ +]
3XOVHUDWH N+]
%HDPGLYHUJHQFH P5DG
5HWXUQVIURPWKHRXWHUGHJUHHVRIHDFKVFDQZHUHGHOHWHGSULRU
WRGHOLYHU\7KLVUHGXFHGWKHVFDQDQJOHVZDWKZLGWKDQGRYHUODS
1.4 Field measurements 
7UHHPHDVXUHPHQWVZHUHFROOHFWHGRQSORWVLQWKHVSULQJRI7KHSORWSURWRFROXVHGD
QHVWHGVHWRIFLUFXODUIL[HGDUHDSORWVWRFKDUDFWHUL]HDOOWUHHVZLWKGLDPHWHUDWEUHDVWKHLJKW
'%+ODUJHUWKDQFPLQFK7KHEDVLFSORWVZHUHKDDFUHXQOHVVWKHUHZHUH
IHZHUWKDQGRPLQDQWRUFRGRPLQDQWWUHHVSUHVHQWRQWKHSORW)RUWKHVHVSDUVHVWDQGVWKHSORW
VL]HZDVLQFUHDVHGWRKDDFUH2QWKHEDVLFSORWWKHIROORZLQJPHDVXUHPHQWVZHUH
WDNHQIRUOLYHDQGGHDGWUHHVZLWK'%+ODUJHUWKDQFPLQFKHVVSHFLHV'%+KHLJKW
FURZQEDVHKHLJKWDQGFURZQFODVV$VPDOOHUKDDFUHSORWQHVWHGZLWKLQWKHEDVLF
SORWZDVXVHGWRFROOHFWGHWDLOHGLQIRUPDWLRQIRUWKHVPDOOHUWUHHV2QWKLVSORWWKHVDPH
PHDVXUHPHQWVZHUHWDNHQIRUOLYHDQGGHDGWUHHVZLWK'%+ODUJHUWKDQFPLQFKDQG
OHVVWKDQRUHTXDOWRFPLQFKHV6PDOOHUWUHHVRQWKHEDVLFSORWEXWRXWVLGHWKHVPDOOHU
KDDFUHSORWZHUHWDOOLHGE\VSHFLHVDQGVL]HFODVVFPLQFK '%+
FPLQFKDQGFPLQFK '%+FPLQFK)RUWKLVVWXG\GDWDZHUH
VXPPDUL]HGE\VSHFLHVKDUGZRRGFRQLIHUFODVVHVOLYHGHDGDQGIROLDJHDEVHQWSUHVHQW
FRQGLWLRQV
$VHSDUDWHFUHZFROOHFWHGSORWORFDWLRQVXVLQJGXDOIUHTXHQF\VXUYH\JUDGH*36UHFHLYHUV
-$9$'0D[RU$WOHDVWSRVLWLRQVZHUHUHFRUGHGIRUHDFKSORWFHQWHUPLQXWH
RFFXSDWLRQZLWKVHFRQGHSRFKV3RVLWLRQGDWDZHUHSRVWSURFHVVHGXVLQJDFRQWLQXRXVO\
RSHUDWLQJUHIHUHQFHVWDWLRQ&256ORFDWHGFORVHWRWKHVWXG\VLWH
 6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD 
1.5 Photo measurements 
7ZHQW\ILYHDGGLWLRQDOKDDFUHSORWVZHUHHVWDEOLVKHGXVLQJDHULDOSKRWRJUDSK\
DFTXLUHGLQOHDIRIIFRQGLWLRQV7KHSKRWRSORWVZHUHORFDWHGLQVZDPSDUHDVZKHUHWKH
GRPLQDQWVSHFLHVZHUHEDOGF\SUHVVDQGZDWHUWXSHOR%RWKVSHFLHVZHUHZLWKRXWIROLDJHDWWKH
WLPHRIWKHDFTXLVLWLRQ/RFDWLRQVIRUWKHVHSORWVZHUHGLJLWL]HGGLUHFWO\IURPWKHGLJLWDO
RUWKRSKRWRVLQD*,6
2. Methods 
2.1 Intensity adjustment 
'LIIHUHQFHVEHWZHHQWKHLQWHQVLW\YDOXHVIRUWKHWZRVHQVRUVDUHYLVLEOHLQDQLPDJHP
IHHWVTXDUHSL[HOSURGXFHGXVLQJWKHILUVWUHWXUQV)LJXUHOHIWLPDJH,QWHQVLW\YDOXHVIRU
ILUVWUHWXUQVZHUHFRPSDUHGXVLQJE\PHWHUVDPSOHVGLVWULEXWHGHYHQO\PVSDFLQJ
DORQJWKHDUHDFRYHUHGE\WKHWZRVHQVRUVUHGOLQHLQ)LJXUH7KHVHVDPSOHVZHUHH[WUDFWHG
IURPWKHRYHUDOOSRLQWFORXGDQGGHVFULSWLYHVWDWLVWLFVZHUHFRPSXWHGIRUWKHLQWHQVLW\YDOXHVLQ
HDFKVDPSOH7DEOH2YHUDOOVHQVRUUHFRUGHGKLJKHUYDOXHVWKDQVHQVRURYHUWKHVDPH
WDUJHWDUHD,QJHQHUDOWKHGLIIHUHQFHLQWKHLQWHQVLW\YDOXHVUHFRUGHGE\WKHWZRVHQVRUV)LJXUH
LVVLPLODUWRWKHGLIIHUHQFHRQHZRXOGREVHUYHLQSKRWRJUDSKVRIWKHVDPHDUHDDFTXLUHGXVLQJ
WZRGLIIHUHQWFDPHUDVRUGLIIHUHQWH[SRVXUHVHWWLQJV+LVWRJUDPPDWFKLQJLVDUHODWLYHO\VLPSOH
SURFHVVWKDWEDODQFHVGHWHFWRUUHVSRQVHVZKHQGHDOLQJZLWKLPDJHVFROOHFWHGE\GLIIHUHQW
VHQVRUVRUXQGHUGLIIHUHQWDWPRVSKHULFFRQGLWLRQV*RQ]DOH]DQG:RRGV$KLVWRJUDP
PDWFKLQJSURFHGXUHZDVLPSOHPHQWHGWRDGMXVWLQWHQVLW\YDOXHVIRUILUVWUHWXUQVIURPVHQVRU
UHODWLYHWRWKRVHIURPVHQVRU
  
)LJXUH,QWHQVLW\LPDJHVFUHDWHGXVLQJRULJLQDOLQWHQVLW\YDOXHVIRUILUVWUHWXUQVOHIW
DQGDGMXVWHGLQWHQVLW\YDOXHVIRUILUVWUHWXUQVULJKW7KHUHGOLQHRQWKHOHIWLPDJH
VKRZVWKHFHQWHURIWKHDUHDFRYHUHGE\ERWK/,'$5VHQVRUV7KH1(SRUWLRQZDV
FROOHFWHGXVLQJVHQVRUDQGWKH6:SRUWLRQXVLQJVHQVRU
2.2 Selection of training plots 
)RURXUVXSHUYLVHGFODVVLILFDWLRQZHZDQWHGWRLGHQWLI\WUDLQLQJSORWVWKDWUHSUHVHQWHGD³SXUH´
FRQGLWLRQ:HVHOHFWHGDVXEVHWRIILHOGSORWVEDVHGRQWKHPL[RIVSHFLHVSUHVHQWRQHDFKSORW
:HZDQWHGSORWVZLWKEDVDODUHDFRPSRVHGRIHLWKHUDOOFRQLIHURUDOOKDUGZRRGVSHFLHV)URP
WKHILHOGSORWVFRQLIHUSORWVDQGKDUGZRRGSORWVZHUHLGHQWLILHG
7UDLQLQJSORWVHOHFWLRQZDVFRPSOLFDWHGE\WKHSUHVHQFHRIGHFLGXRXVRUWDUGLO\GHFLGXRXV
KDUGZRRGVSHFLHV:KHQFRQVLGHULQJWKHSUHVHQFHRUDEVHQFHRIIROLDJHIRUWUHHVRQDSORWZH
 6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD 
ZHUHDEOHWRLGHQWLI\RQO\WKUHHSORWVZLWKRUPRUHRIWKHEDVDODUHDLQVSHFLHVZLWKRXW
IROLDJH,QLWLDOO\ZHZDQWHGDOOWUHHVRQDSORWWRKDYHWKHVDPHFRQGLWLRQEXWIRXQGWKDWQRQHRI
WKHSORWVPHWWKHFULWHULRQ7RDXJPHQWWKHGDWDIRUWKH³IROLDJHDEVHQW´FRQGLWLRQZHXVHG
WKHSKRWRSORWVLQDGGLWLRQWRWKHWKUHHILHOGSORWV7KLUW\VL[SORWVKDGRUPRUHRIWKH
EDVDODUHDLQVSHFLHVZLWKIROLDJH

)LJXUH'LVWULEXWLRQRIILUVWUHWXUQLQWHQVLW\YDOXHVIRUVHQVRUDQGVHQVRUIRUWKHSRUWLRQRIWKH
DFTXLVLWLRQFRYHUHGE\ERWKVHQVRUV
2.3 LIDAR-derived metrics 
:HH[WUDFWHGVDPSOHVIURPWKHRULJLQDOSRLQWFORXGDQGWKHILUVWUHWXUQGDWDZLWKDGMXVWHG
LQWHQVLW\YDOXHVXVLQJWKHORFDWLRQDQGVL]HRIHDFKSORW:HFRPSXWHGPHWULFVIRUDOORIWKH
SORWVXVLQJE\PFHOOVUHVXOWLQJLQFHOOVIRUWKHKDDFUHSORWVDQGFHOOVIRU
WKHKDDFUHSORWV)RUWKH+&FODVVLILFDWLRQWKHUHZHUHDWRWDORIFHOOVZLWK
FHOOVUHSUHVHQWLQJSXUHKDUGZRRGVDQGFHOOUHSUHVHQWLQJSXUHFRQLIHUV)RUWKH
)$)3FODVVLILFDWLRQWKHUHZHUHFHOOVZLWKUHSUHVHQWLQJYHJHWDWLRQZLWKRXWIROLDJH
DQGUHSUHVHQWLQJYHJHWDWLRQZLWKIROLDJH
7ZRW\SHVRIPHWULFVZHUHFRPSXWHGIRUHDFKE\PFHOOV,QWHQVLW\PHWULFVXVLQJRQO\ILUVW
UHWXUQVZLWKDGMXVWHGLQWHQVLW\YDOXHVZLWKLQPRIWKHFDQRS\VXUIDFHDQGPHWULFVFRPSXWHG
XVLQJWKHKHLJKWDERYHJURXQGIRU/,'$5UHWXUQVDERYHP:HDOVRFRPSXWHGDSXOVH
SHQHWUDWLRQPHWULFEDVHGRQILUVWDQGODVWRIPDQ\UHWXUQVXUIDFHVEXWGLGQRWILQGLWXVHIXOIRU
FODVVLILFDWLRQ

7RFRPSXWHLQWHQVLW\PHWULFVDE\PHWHUUHVROXWLRQFDQRS\VXUIDFHPRGHOZDVXVHGWR
LVRODWHRQO\ILUVWUHWXUQVZLWKLQPRIWKHFDQRS\VXUIDFH7KHUHWXUQVLQWKLVVDPSOHZHUHWKHQ
FRPSDUHGWRWKH/,'$5GHULYHGJURXQGPRGHOWRHOLPLQDWHDOOUHWXUQVZLWKLQPRIWKHJURXQG
VXUIDFH7KHJRDOZDVWRHOLPLQDWHUHWXUQVIURPXQGHUVWRU\YHJHWDWLRQVKUXEVDQGJUDVVHVWKDW
ZHUHQRWUHSUHVHQWHGLQILHOGSORWPHDVXUHPHQWV)LQDOO\GHVFULSWLYHPHWULFVIRUWKHLQWHQVLW\
YDOXHVZHUHFRPSXWHGXVLQJWKHUHPDLQLQJUHWXUQV
+HLJKWPHWULFVZHUHFRPSXWHGXVLQJWKHSORWVDPSOHVIURPWKHRULJLQDOUHWXUQGDWD5HWXUQ
KHLJKWVZHUHFRPSXWHGE\VXEWUDFWLQJWKHUHWXUQHOHYDWLRQIURPDQHOHYDWLRQLQWHUSRODWHGIURP
WKHEDUHJURXQGVXUIDFHPRGHOVXVLQJWKH;<ORFDWLRQRIWKHUHWXUQ0HWULFVZHUHFRPSXWHG
XVLQJDOOUHWXUQVDERYHP,QDGGLWLRQWRWKHVWDQGDUGVHWRIPHWULFVRXWSXWE\WKH)86,21
*ULG0HWULFVSURJUDP0F*DXJKH\ZHDOVRFRPSXWHGUHODWLYHKHLJKWSHUFHQWLOHYDOXHVE\
GLYLGLQJKHLJKWSHUFHQWLOHYDOXHVE\WKHWKSHUFHQWLOHYDOXH7KHUHODWLYHSHUFHQWLOHVDUHQRW
 6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD 
VHQVLWLYHWRWKHWUHHKHLJKWRQWKHSORWVDQGSURYHGPRUHXVHIXOLQWKHFODVVLILFDWLRQSURFHVVWKDQ
WKHDFWXDOSHUFHQWLOHYDOXHV
2.4 Classification 
0HWULFVFRPSXWHGIRUWKHFHOOVZHUHXVHGLQWKH5VWDWLVWLFDOSDFNDJH5'HYHORSPHQW&RUH
7HDPDORQJZLWKWKH5DWWOHGDWDPLQLQJ*8,:LOOLDPVWRFRQGXFWDVXSHUYLVHG
FODVVLILFDWLRQWRLGHQWLI\FRQLIHUDQGKDUGZRRGYHJHWDWLRQDQGYHJHWDWLRQZLWKIROLDJH
DEVHQWSUHVHQW:HDSSOLHGWKUHHFODVVLILFDWLRQPHWKRGV5DQGRPIRUHVW%UHLPDQ/LDZ
DQG:LHQHUDVLPSOHGHFLVLRQWUHHDSSURDFK%UHLPDQHWDODQGWKHDGDSWLYH
ERRVWLQJPRGHO)ULHGPDQHWDO7KHEDVLFSURFHVVXVHGWREXLOGDQGDSSO\WKH
FODVVLILFDWLRQUXOHVZDV
 &RQGXFWD3ULQFLSOH&RPSRQHQWV$QDO\VLV3&$WRLGHQWLI\WKHFRPSRQHQWVWKDWH[SODLQ
WKHPDMRULW\RIWKHYDULDWLRQLQWKHFHOOGDWD
 (YDOXDWHFRUUHODWLRQVEHWZHHQFRPSRQHQWVDQG/,'$5GHULYHGPHWULFVDQGVHOHFWPHWULFV
PRVWKLJKO\FRUUHODWHGZLWKWKHFRPSRQHQWVIRUXVHLQEXLOGLQJWKHFODVVLILFDWLRQUXOHV
 &RQGXFWDFODVVLILFDWLRQXVLQJSHUFHQWRIWKHFHOOVWRSURGXFHDVHWRIGHFLVLRQWUHHV
 8VHWKHGHFLVLRQWUHHVDQGGDWDIRUWKHUHPDLQLQJSHUFHQWRIWKHFHOOVWRHYDOXDWHWKH
SHUIRUPDQFHRIWKHFODVVLILHU
 $SSO\WKHFODVVLILFDWLRQUXOHVWRFHOOVIRUDOOSORWVDWPFHOOUHVROXWLRQ
 &RPSXWHWKHSURSRUWLRQRIHDFKSORWLQHDFKRIWKHYHJHWDWLRQFRQGLWLRQVDWPFHOO
UHVROXWLRQ
3. Results 
3.1 Intensity adjustment 
7KHDGMXVWHGLQWHQVLW\GDWDZHUHFRPSDUHGWRWKHRULJLQDOGDWDWRHYDOXDWHWKHHIIHFWLYHQHVVRI
WKHLQWHQVLW\FRUUHFWLRQ$Q)WHVWLQGLFDWHGWKHRULJLQDOVDPSOHYDULDQFHVZHUHQRWHTXDOS 
DQGWKHYDULDQFHRIDGMXVWHGYDOXHVZHUHHTXDOS DWWKHSHUFHQWOHYHO7KH
UHVXOWVRIDWWHVWLQGLFDWHGWKHPHDQYDOXHVRIWKHVDPSOHVZHUHQRWHTXDOLQERWKWKHRULJLQDO
GDWDDQGWKHDGMXVWHGGDWD7RIXUWKHUFRUUHFWYDOXHVIRUVHQVRUZHDSSOLHGDVLPSOHELDV
FRUUHFWLRQXVLQJWKHGLIIHUHQFHEHWZHHQWKHPHDQYDOXHVIRUDOOVDPSOHV7DEOHVKRZVWKH
VXPPDU\VWDWLVWLFVIRUWKHRULJLQDODQGDGMXVWHGLQWHQVLW\YDOXHVDQGWKHULJKWLPDJHLQ)LJXUH
VKRZVDQLPDJHJHQHUDWHGXVLQJWKHDGMXVWHGLQWHQVLW\IRUILUVWUHWXUQV
7DEOH6XPPDU\VWDWLVWLFVIRUILUVWUHWXUQVDIWHULQWHQVLW\DGMXVWPHQWLQE\
PHWHUVDPSOHV
 ,QWHQVLW\YDOXHV
 6HQVRU 6HQVRU 6HQVRU
DIWHUKLVWRJUDP
PDWFKLQJ
6HQVRU
DIWHUELDV
FRUUHFWLRQ
0HDQ    
6WDQGDUGGHYLDWLRQ    
0LQLPXP    
0D[LPXP    

3.2 Classification 
3&$OHGXVWRVHOHFWIRXUYDULDEOHVWREXLOGWKH+&FODVVLILFDWLRQUXOHV7DEOHDQGIRXU
YDULDEOHVWREXLOGWKH)$)3FODVVLILFDWLRQ7DEOH2YHUDOOWKHIRXUYDULDEOHVLQHDFKVHWZHUH
QRWKLJKO\FRUUHODWHGDQGWKH\SURYLGHGYDOXHVWKDWGHVFULEHWKHUHWXUQLQWHQVLW\DQGWKHVKDSHRI
WKHUHWXUQKHLJKWGLVWULEXWLRQ
 6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD 
&ODVVLILFDWLRQWRROVXVHGRIWKHGDWDWREXLOGUXOHVDQGWKHUHPDLQLQJWRHYDOXDWH
FODVVLILFDWLRQHUURU)RUWKH+&FODVVLILFDWLRQWKHRYHUDOOHUURUIRUWKHUDQGRPIRUHVWPHWKRG
ZDV)RUWKH)$)3FODVVLILFDWLRQRYHUDOOHUURUZDV7KHDGDSWLYHERRVWLQJPRGHO
SURGXFHGHUURUVRIIRUWKH+&DQGIRUWKH)$)3FODVVLILFDWLRQV7KHVLPSOH
GHFLVLRQWUHHSURGXFHGHUURUVRIIRUWKH+&DQGIRUWKH)$)3FODVVLILFDWLRQV
7DEOH9DULDEOHVXVHGLQFODVVLILFDWLRQUXOHVWRGLIIHUHQWLDWHKDUGZRRGDQGFRQLIHU
VSHFLHV
9DULDEOH 'HVFULSWLRQ
,QW0HDQ 0HDQLQWHQVLW\YDOXHIRUILUVWUHWXUQVFORVHWRWKHFDQRS\
VXUIDFHPIURPFDQRS\VXUIDFHDQGKHLJKWDERYH
JURXQGJUHDWHUWKDQP
(OHY53 WKSHUFHQWLOHKHLJKWIRUDOOUHWXUQVDERYHPGLYLGHGE\
WKHWKSHUFHQWLOHIRUDOOUHWXUQVDERYHP
3HUFHQWDJHDOOUHWXUQVDERYHPHDQ 3URSRUWLRQRIDOOUHWXUQVDERYHWKHPHDQKHLJKW
,QW/ 7KLUG/PRPHQWIRUDGMXVWHGLQWHQVLW\YDOXHVIRUILUVW
UHWXUQVFORVHWRWKHFDQRS\VXUIDFH

7DEOH9DULDEOHVXVHGLQFODVVLILFDWLRQUXOHVWRGLIIHUHQWLDWHYHJHWDWLRQZLWKDQG
ZLWKRXWIROLDJH
9DULDEOH 'HVFULSWLRQ
,QW0HDQ 0HDQLQWHQVLW\YDOXHIRUILUVWUHWXUQVFORVHWRWKHFDQRS\
VXUIDFHPIURPFDQRS\VXUIDFHDQGKHLJKWDERYH
JURXQGJUHDWHUWKDQP
(OHY53 WKSHUFHQWLOHIRUDOOUHWXUQVDERYHPGLYLGHGE\WKHWK
SHUFHQWLOHIRUDOOUHWXUQVDERYHP
3HUFHQWDJHILUVWUHWXUQVDERYHPHDQ 3URSRUWLRQRIILUVWUHWXUQVDERYHWKHPHDQ
,QW/&9 /PRPHQWFRHIILFLHQWRIYDULDWLRQIRUDGMXVWHGLQWHQVLW\
YDOXHVIRUILUVWUHWXUQVFORVHWRWKHFDQRS\VXUIDFH

7KHFODVVLILFDWLRQUXOHVZHUHDSSOLHGWRWKHE\PJULGFHOOVIRUDOOSORWVDQGWKHUHVXOWV
VXPPDUL]HGWRSURGXFH³KDUGZRRGIUDFWLRQ´+)DQG³IROLDJHDEVHQWIUDFWLRQ´)$)PHWULFV
:HFRPSDUHGWKHVHSURSRUWLRQVWRWKRVHFRPSXWHGXVLQJWKHEDVDODUHDPHDVXUHGRQILHOGSORWV
)LJXUHFRPSDUHVWKHVXPPDUL]HGFHOOFODVVLILFDWLRQVIRUWKH+6FODVVLILFDWLRQDQG)LJXUH
FRPSDUHVWKRVHIRUWKH)$)3FODVVLILFDWLRQ,Q)LJXUHSORWVDUHVHSDUDWHGEDVHGRQWKH
SURSRUWLRQRIWKHEDVDODUHDIRUKDUGZRRGVSHFLHVWKDWUHWDLQWKHLUIROLDJHWKURXJKWKHZLQWHU
7KHUHGPDUNHUVUHSUHVHQWSORWVZKHUHPRUHWKDQILYHSHUFHQWRIWKHEDVDODUHDLVIURPVSHFLHV
WKDWUHWDLQWKHLUIROLDJHDQGWKHJUHHQPDUNHUVUHSUHVHQWSORWVZLWKOHVVWKDQILYHSHUFHQW
4. Discussion 
$GLUHFWFRPSDULVRQRIWKH+6DQG)$)3SURSRUWLRQVLVGLIILFXOWVLQFHWKHSORWGDWDGRQRW
UHIOHFWWKHKRUL]RQWDODQGYHUWLFDODUUDQJHPHQWRIWUHHVDQGWKXVWKHSURSRUWLRQRIDW\SHYLVLEOH
IURPDQDHULDOYLHZSRLQWPD\EHGLIIHUHQWIURPWKHSURSRUWLRQPHDVXUHGRQWKHJURXQG,Q
UHDOLW\PDQ\RIWKHKDUGZRRGVSHFLHVDUHVKDGHWROHUDQWDQGGHYHORSEHORZDSLQHRYHUVWRU\,Q
PDQ\VWDQGVWKHPDMRULW\RIWKHFURZQVDVVRFLDWHGZLWKKDUGZRRGVSHFLHVZRXOGQRWEHZLWKLQ
PRIWKHXSSHUFDQRS\VXUIDFHDQGVRUHWXUQVIURPKDUGZRRGYHJHWDWLRQZRXOGQRWDSSHDULQ
WKHSRLQWFORXGGDWDXVHGWRFRPSXWHWKHLQWHQVLW\PHWULFV
)RURXUGDWDWKHLQWHQVLW\YDOXHVZHUHQRWQRUPDOL]HGWRDFFRXQWIRUSXOVHVWUHQJWKUDQJH
VHQVRUJDLQRUDWPRVSKHULFHIIHFWV:KLOHLQWHQVLW\QRUPDOL]DWLRQSURFHGXUHVKDYHEHHQ
GHVFULEHG.RUSHOD.RUSHODHWDOWKHSURFHVVLVQRWVWUDLJKWIRUZDUGIRUWKH/HLFD
$/6,,VHQVRUV7KLVVFDQQHUSURYLGHVDXWRPDWLFJDLQFRUUHFWLRQ$*&WRG\QDPLFDOO\
DGMXVWWKHVHQVLWLYLW\RIWKHGHWHFWLRQFLUFXLWU\WRFRPSHQVDWHIRUPRUHRUOHVVUHIOHFWLYHWDUJHWV
 6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD 
7KHJDLQVHWWLQJVDQGRXWJRLQJSXOVHVWUHQJWKZHUHQRWDYDLODEOHIRUXVHLQDFRUUHFWLRQSURFHVV
VRZHDGRSWHGDPRUHVLPSOLVWLFVROXWLRQ7KHWRSRJUDSK\DW656LVJHQHUDOO\PLOGZLWK
HOHYDWLRQVUDQJLQJIURPWRP)O\LQJKHLJKWGXULQJWKHDFTXLVLWLRQZDVFRQVLVWHQWVRWKH
RQO\UDQJHHIIHFWVZHUHGXHWRWKHVFDQDQJOHGHJUHHVDVIORZQ3RVVLEOHH[SODQDWLRQVIRU
WKHGLIIHUHQWLQWHQVLW\YDOXHVEHWZHHQWKHWZRVHQVRUV)LJXUHLQFOXGHGLIIHUHQFHVLQODVHU
SRZHUGHWHFWRUVHQVLWLYLW\PDQXIDFWXUHUFDOLEUDWLRQDQGKDUGZDUHGHIHFWV%RWKLQVWUXPHQWV
ZHUHFRQILJXUHGLGHQWLFDOO\DQGIORZQDWWKHVDPHKHLJKWDQGGXULQJWKHVDPHWLPHSHULRG
*LYHQWKHLQIRUPDWLRQDYDLODEOHWRXVZHFDQRIIHUQRGHILQLWLYHH[SODQDWLRQIRUWKHGLIIHUHQFHV

)LJXUH6FDWWHUSORWFRPSDULQJKDUGZRRGFRQLIHUIUDFWLRQGHULYHGIURPILHOGDQG
/,'$5GDWD

)LJXUH6FDWWHUSORWFRPSDULQJIROLDJHDEVHQWSUHVHQWIUDFWLRQGHULYHGIURPILHOGDQG
/,'$5GDWD
5. Conclusions 
7KHUHVXOWVIURPRXUFODVVLILFDWLRQSURSRUWLRQVRIKDUGZRRGVRIWZRRGDQGFDQRS\ZLWKZLWKRXW
IROLDJHZHUHXVHGDVSUHGLFWRUYDULDEOHVZKHQPRGHOLQJIRUHVWLQYHQWRU\SDUDPHWHUVIRU656
7KHSURSRUWLRQRIFDQRS\ZLWKZLWKRXWIROLDJHZDVIRXQGWREHDVLJQLILFDQWSUHGLFWRUYDULDEOH
IRUPRVWPRGHOVWKDWSUHGLFWHGYDOXHVIRUVRIWZRRGVDQGKDUGZRRGV+DYLQJWKHSURSRUWLRQ
DYDLODEOHIRUXVHLQUHJUHVVLRQPRGHOLQJVLJQLILFDQWO\LPSURYHGWKHILQDOPRGHOV
,QJHQHUDORXUDSSURDFKRIEXLOGLQJWKHFODVVLILFDWLRQUXOHVXVLQJKLJKUHVROXWLRQGDWDE\
PHWHUSL[HOVDQGWKHQVXPPDUL]LQJWKHUHVXOWVDWORZHUUHVROXWLRQE\PHWHUSL[HOV
SURGXFHGUHVXOWVXVHIXOWRPDQDJHUV:KHQZHFRPSDUHWKHUHVXOWVDWERWKUHVROXWLRQVWRRUWKR
 6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD 
UHFWLILHGDHULDOSKRWRVDFTXLUHGLQOHDIRIIFRQGLWLRQVGXULQJWKHVDPH\HDUWKH/,'$5GDWDZHUH
DFTXLUHGZHVHHVWURQJDJUHHPHQW)LJXUH$VLPLODUDSSURDFKZRXOGEHXVHIXOIRU
FODVVLI\LQJOLYHDQGGHDGWUHHVLQSXUHFRQLIHUW\SHV
 
)LJXUHFRORULQIUDUHGDHULDOSKRWRJUDSKOHIWDQG/,'$5
SURSRUWLRQRIFDQRS\ZLWKZLWKRXWIROLDJHDWPUHVROXWLRQULJKW
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$EVWUDFW
(PSLULFDOO\YDOLGDWLQJQH[WJHQHUDWLRQGLPHQVLRQDO ILUHEHKDYLRUPRGHOV UHTXLUHVGHWDLOHGNQRZOHGJH
RI IXHO JHRPHWU\ LQ XQGLVWXUEHG IXHO EHGV DQG UHVHDUFKHUV DUH WXUQLQJ WR FORVHUDQJH UHPRWH VHQVLQJ
WHFKQLTXHV VXFK DV WHUUHVWULDO ODVHU VFDQQLQJ 7/6 WR FKDUDFWHUL]H WKHP  ,Q ILUHDGDSWHG ORQJOHDI SLQH
IRUHVWVWKHSUREOHPLVFRPSRXQGHGE\WKHVSDWLDOFRLQFLGHQFHRIVKUXEDQGKHUEDFHRXVIXHOHOHPHQWVZLWK
GLIIHUHQWILUHEHKDYLRUFKDUDFWHULVWLFV,QWKLVSDSHUZHGHULYHDIXHOKHLJKWPRGHO)+0IURP7/6GDWD
WRFKDUDFWHUL]HJUDVVVKUXEDQGOLWWHUIXHOVDQGXVHWKH)+0WRDVVHVVVWUXFWXUDOGLIIHUHQFHVEHWZHHQWKH
IXHO W\SHV &RLQFLGHQW SUH DQG SRVWILUH VFDQV DUH XVHG WR HYDOXDWH FKDQJHV LQ QRUPDOL]HG KHLJKW
GLVWULEXWLRQVIRUJUDVVVKUXEDQGKDUGZRRGSODQWFRPPXQLWLHVDWDJUDLQRIPRQPSORWV)LUH
LQGXFHG FKDQJHV LQ IXHO GHSWK DUH GLVWLQFW DQG ORJLFDO EHWZHHQ IXHO W\SHV DQG SHUKDSV UHODWHG WR WKH
DPRXQW RI IXHO FRQVXPHG  +RZHYHU WKHUH DUH XQFHUWDLQWLHV GXH WR GLIIHUHQWLDO VKDGRZLQJ RI IXHO
HOHPHQWVSUHDQGSRVWILUHDQGGXHWROLPLWDWLRQVLQILHOGGDWDIURPXQGLVWXUEHGSORWV+HLJKWGDWDIURP
ILHOGSRLQWVDPSOLQJGRQRWFRUUHVSRQGGLUHFWO\ZLWKODVHUKHLJKWVSUREDEO\GXHWRGLIILFXOWLHVLQSUHFLVHO\
PDWFKLQJ SRLQW ORFDWLRQV ZLWK VFDQ GDWD )XUWKHU XVLQJ D EDUH HDUWK VXUIDFH IURP SUHILUH VFDQV WR
QRUPDOL]HIXHOKHLJKWVSURGXFHVVRPHWLPHVODUJHGLIIHUHQFHVLQWKH)+0FRPSDUHGZLWKSRVWEXUQGDWD
VXJJHVWLQJ WKDW RFFOXVLRQ IURP YHJHWDWLRQ LQ HYHQPRGHUDWHO\ ORDGHG IXHOEHGV DIIHFWV WKH DFFXUDF\ RI
JURXQGQRUPDOL]HGYHJHWDWLRQKHLJKWV1RWVXUSULVLQJO\WKHDOPRVWWRWDOFRQVXPSWLRQRIJUDVVDQGOLWWHU
IXHOVLVFOHDUO\HYLGHQWLQWKHSRVWEXUQGDWDZKLOHSDUWLDOO\EXUQHGVKUXEVSHUVLVW$OWKRXJKFRPSDULVRQ
RI SUH DQG SRVWILUH VFDQV SURGXFHV LQWXLWLYH UHVXOWV LW LV QRW \HW HYLGHQW WKDW WKH DPRXQW RI IXHO
FRQVXPHGFDQEHHVWLPDWHG7/6DSSHDUVXVHIXOIRUGHVFULELQJWKHVSDWLDOKHWHURJHQHLW\RIIXHOVDWVFDOHV
QRWSRVVLEOHZLWKRWKHUWHFKQLTXHVDQGUHPDLQVDSURPLVLQJRSWLRQIRUGHULYLQJ'IXHOPDSVRIODUJHU
ODQGVFDSHVLQORQJOHDISLQHIRUHVWW\SHV+RZHYHUFRQVLGHUDEOHUHVHDUFKLVVWLOOQHHGHGWRSURYHXSRQWKH
DSSURDFK
,QWURGXFWLRQ
7KHHPHUJHQFHRIQH[WJHQHUDWLRQZLOGODQGILUHEHKDYLRUPRGHOVWKDWVLPXODWHILUHSURSDJDWLRQWKURXJK
GLPHQVLRQDOODWWLFHVDWYHU\ILQHJUDLQKDVSODFHGQHZGHPDQGVRQIXHOVGDWD/LQQHWDO0RUYDQ
DQG'XSX\0HOOHWDO3LFNHWW3ULQFHHWDO7KH'QDWXUHRIIXHOVKDVORQJ
EHHQUHFRJQL]HGDQG WRROVZHUHGHYHORSHG WRWUDQVODWH WKHPLQWR'YDOXHVRUTXDOLWDWLYH LQGLFDWRUVRI
ILUHEHKDYLRU)DKQHVWRFN0D[ZHOODQG:DUG$QGHUVRQ%XUJDQDQG5RWKHUPHO
KRZHYHU RQO\ UHFHQWO\ KDYH IXHO GHVFULSWLRQV DQG ILUH PRGHOLQJ DGYDQFHG WR WKH SRLQW ZKHUH '
LQIRUPDWLRQFDQEHXVHG2WWPDU3DUVRQV
'LVWULEXWLQJ IXHOV UHDOLVWLFDOO\ ZLWKLQ YROXPHV LV D GLIILFXOW SUREOHP $FFXUDWHO\ PHDVXULQJ WKH 
GLPHQVLRQDO ORFDWLRQV RI IXHOV LQ WKH ILHOG LV WLPH FRQVXPLQJ DQG QRW HDVLO\ UHSOLFDEOH $GGLWLRQDOO\
DEVWUDFWLQJ WKHVHPHDVXUHPHQWV WR WKHDWWULEXWHV WKDWPRGHOV UHTXLUH LVFKDOOHQJLQJ1RQHWKHOHVV UHFHQW
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 

 
DGYDQFHV LQ ODVHU VFDQQLQJ DUH IDFLOLWDWLQJ PRUH DFFXUDWH DQG UHSOLFDEOH ' UHQGHULQJ RI IXHOV )RU
H[DPSOHSUHOLPLQDU\UHVXOWVIURPDQH[SHULPHQWXVLQJDWHUUHVWULDOODVHUVFDQQHU7/6WRLPDJH'RXJODV
ILUEUDQFKHVVKRZWKDW ODVHU UHWXUQGHQVLW\ LVKLJKO\FRUUHODWHGZLWKIXHOPDVVZKLOHQHHGOHVDQGVPDOO
EUDQFKHV DUH GLVWLQFW IURP ODUJHU EUDQFKHV DQG EROHV LQ ODVHU LQWHQVLW\ GDWD 6HLHOVWDG HW DO 
0RUHRYHUWKHWKUHHGLPHQVLRQDOSRLQWFORXGVWKDWUHVXOWIURPODVHUVFDQQLQJOHQGWKHPVHOYHVQDWXUDOO\WR
SURGXFWLRQRIWKHFHOOEDVHGDUUD\VHJ+RVRLDQG2PDVD+LHUVHWDOUHTXLUHGE\DOORIWKH
FXUUHQW VXEJULGPRGHOV &RPELQHGZLWK WKH DELOLW\ WR VFDQ RQ VXEFHQWLPHWHU JULGV DW UDQJHV WR 
PHWHUVZLWKGLVWDQFHDQGDQJXODUDFFXUDFLHVRIPP7/6RIIHUVFRQVLGHUDEOHRSSRUWXQLW\WRDGYDQFH
IXHOVPHDVXUHPHQWVFLHQFH
7KHUHDUHDW OHDVW WZRSULPDU\ URXWHV IRUHVWLPDWLQJELRSK\VLFDO FKDUDFWHULVWLFV IURP7/6GDWD ILHOG
PHDVXUHPHQWV SDLUHG ZLWK ODVHU VFDQV RI WKH QDWXUDO HQYLURQPHQW ZKHUH PXOWLSOH W\SHV VL]HV DQG
DUUDQJHPHQWV RI YHJHWDWLRQPDWHULDO DUH H[DPLQHG in situ DQG  FRQWUROOHG ODERUDWRU\ H[SHULPHQWV RI
LQGLYLGXDO YHJHWDWLRQ HOHPHQWV VXFK DV VKUXEV EUDQFKHV RU WUHHV :LWK UHVSHFW WR ZLOGODQG IXHOV DQ
H[DPSOHILHOGEDVHGDSSURDFKLVGHVFULEHGE\+LHUVet al.7KHVHDXWKRUVLQWHJUDWHG7/6GDWDZLWK
WKHUPDO LPDJHV RI ILUH EHKDYLRU LQ ORQJOHDI SLQH IRUHVW XVLQJ ORFDO UHJUHVVLRQ LQ RUGHU WR GHVFULEH WKH
W\SHV DQG VFDOHV RI IXHOV DQG ILUH EHKDYLRU /RXGHUPLON et al  HIIHFWLYHO\ XVHG 7/6 WR H[WUDFW
YROXPHVRIVKUXEIXHOVLQDODERUDWRU\H[SHULPHQWXVLQJDVLPLODUDSSURDFKWRWKHYR[HOPHWKRGGHWDLOHG
E\+RVRLDQG2PDVDDQG9DQGHU=DQGHet al%RWKH[SHULPHQWVLQGLFDWHWKDWLQIRUPDWLRQ
UHJDUGLQJYHUWLFDODUUDQJHPHQWDQGVL]HRIYHJHWDWLRQHOHPHQWVDUHXVHIXO IRUHVWLPDWLQJYROXPHVSODQW
DUHDGHQVLWLHV DQGFRPSDULVRQV UHODWHG WRELRPDVV %H\RQG WKH WZRH[SHULPHQWVGHVFULEHGDERYH WKH
DSSOLFDWLRQRI7/6WRVXUIDFHIXHOFKDUDFWHUL]DWLRQDQGPDSSLQJLVOLPLWHG7KXVGUDZLQJRQUHVHDUFKWKDW
IRFXVHVRQHVWLPDWLRQVRI IXHOOLNHYDULDEOHVIURPWKHEURDGHU WHUUHVWULDO OLGDUOLWHUDWXUH LVHVVHQWLDO)RU
H[DPSOH WKH IROLDU DQG ZRRG\ ELRPDVV HVWLPDWHV IURP 'RXJODVILU EUDQFKHV LQ D FRQWUROOHG VHWWLQJ
GHPRQVWUDWHG HIILFDF\ RI XVLQJ 7/6 6HLHOVWDG et al.  IRU GLVFULPLQDWLQJ ILQH IXHOV KRZHYHU
LQWHJUDWLRQRILQGLYLGXDOEUDQFKHVWRDQHQWLUHWUHHLVVLJQLILFDQWO\PRUHFRPSOH['LUHFWHVWLPDWHVRIGU\
ZHLJKWDQGOLGDUGHULYHGSODQWDUHDGHQVLW\LQZKHDWILHOGVVXJJHVWWKDWYR[HOEDVHGFDQRS\SURILOLQJPD\
EHXVHIXOIRUSURGXFLQJLQGHSHQGHQWHVWLPDWHVRIYROXPHVDQGELRPDVV LQJUDVVIXHOV+RVRLDQG2PDVD
7KHODWWHUVWXG\XVHGDVHULHVRIVFDQVDFURVVDUDQJHRISODQWJURZWKIRUPSORWVZLWKLQDZKHDW
ILHOGZKHUHSODQWDUHDLVDIXQFWLRQRIYR[HOSHQHWUDWLRQDQGLQWHJUDWLRQRIOHDIWKLFNQHVVRYHUWKHWRWDO
KHLJKWRIDZKHDWFOXVWHU+RZHYHUJLYHQWKHFRQVLGHUDEOHXQFHUWDLQWLHVLQFKDUDFWHUL]LQJVSHFLILFIXHOV
DWWULEXWHV VXFK DV PDVV E\ VL]HFODVV RU VXUIDFH DUHD WR YROXPH WKH SRWHQWLDO DGYDQWDJH RI 7/6 IRU
SURYLGLQJ LPSURYHG IXHOV GDWD LQ WKH VKRUW WHUP LV LQ PDSSLQJ WKH W\SHV DQG UHODWLYH DPRXQWV DQG
DUUDQJHPHQWV RI YHJHWDWLRQ PDWHULDOV DFURVV VPDOO ODQGVFDSHV XS WR D IHZ KD ZLWK WKH SXUSRVH RI
DVVLVWLQJ LQ YDOLGDWLRQ RI ILUH EHKDYLRU PRGHOLQJ 7KH JRDO RI VXFK DQ HIIRUW LV WR JHQHUDWH UDWLRQDO
VSDWLDOO\H[SOLFLW HVWLPDWHV RI IXHOV DW ILQH JUDLQ FLUFD P IRU SORWV WKDW ZLOO EH EXUQHG XVLQJ
SUHVFULEHGILUH,QYDULDEO\WKHODQGVFDSHVEHLQJVWXGLHGFDQQRWEHGLVWXUEHGEHFDXVHWKH\ZLOOEHEXUQHG
WKXVDUHPRWHVHQVLQJDSSURDFKLVZDUUDQWHG)LUHEHKDYLRUPRGHOUHTXLUHPHQWVIRUIXHOVGDWDDUHIDLUO\
VWUDLJKWIRUZDUG$FROOHFWLRQ RI FHOOVZLWKLQ DPRGHO GRPDLQ GHILQHV WKH JHRPHWU\ RI WKH IXHOEHG DQG
HDFK FHOO LQ WKH GRPDLQ FRQWDLQV DQ HVWLPDWH RI EXON GHQVLW\ RI WKHUPDOO\WKLQ YHJHWDWLRQ DQG SDFNLQJ
UDWLR7KHODWWHUWZRWHUPVUHTXLUHIXHOPDVVE\VL]HFODVVYROXPHRFFXSLHGE\WKHIXHOSDUWLFOHGHQVLW\
SDUWLFOH VXUIDFHDUHDWRYROXPH 6$9 UDWLR FKDU IUDFWLRQ VSHFLILF KHDW PRLVWXUH FRQWHQW DQG LQLWLDO
WHPSHUDWXUH  5HDOLVWLFDOO\ GHQVLW\ 6$9 FKDU VSHFLILF KHDWPRLVWXUH DQG WHPSHUDWXUH DUH HVWLPDWHG
IURPODERUDWRU\PHDVXUHPHQWVDQGILHOGPHDVXUHPHQWVDWWKHWLPHRIEXUQLQJ7KH7/6WKHQLVH[SHFWHG
WRGHVFULEHWKHJHRPHWU\RIWKHIXHOEHGDQGSHUKDSVWKHW\SHDQGUHODWLYHDPRXQWRIIXHOLQHDFKFHOO
6SHFLILF DWWULEXWHV VXFK DV GHQVLW\ 6$9 DQG PDVV E\ VL]H FODVV ZRXOG VWLOO FRPH IURP ODERUDWRU\
PHDVXUHPHQWV
,QWKLVVWXG\ZHXVH7/6WRLPDJHDQLQWHUPL[RIOLWWHUJUDVVDQGVKUXEIXHOVLQDORQJOHDISLQHIRUHVWLQ
)ORULGD86$LQRUGHUWRFKDUDFWHUL]HWKHUHODWLYHDPRXQWVDQGDUUDQJHPHQWVRIYHJHWDWLRQPDWHULDOSUH
DQGSRVWILUH7KLV UHVHDUFKUHSUHVHQWVWKHEDVLV IRUD ODUJHUJRDORILGHQWLI\LQJ WKH W\SHDQGDPRXQWRI
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 

 
IODPPDEOHPDWHULDOVZLWKLQYROXPHVLQRUGHUWRXOWLPDWHO\LQIHURWKHUIXHOSURSHUWLHVVXFKDVPDVVE\VL]H
FODVVDQGVXUIDFHDUHDWRYROXPHUDWLR
 2EMHFWLYHV

7KHREMHFWLYHVRIWKLVUHVHDUFKDUHWKUHHIROG

 'HULYHDUDWLRQDOIXHOKHLJKWPRGHO)+0
 8VHWKH)+0WRDVVHVVVWUXFWXUDOGLIIHUHQFHVEHWZHHQVKUXEJUDVVDQGOLWWHUIXHOW\SHV
 4XDQWLI\SRVWILUHFKDQJHVWRWKH)+0DQGUHODWHWKHPWRIXHOW\SH
7KH UHVHDUFK LV ODUJHO\ H[SORUDWRU\ DQG LQIHUHQFH IURP LW LV FRQVWUDLQHG E\ WKH DPRXQW DQG W\SH RI
LQGHSHQGHQWILHOGPHDVXUHPHQWV%H\RQGSRLQWLQWHUFHSWVDPSOLQJRIIXHOVWKHVWXG\DUHDLVGHVFULEHGE\
SKRWRJUDSK\DQGRSWLFDOHVWLPDWLRQRIIXHOFRYHUW\SHDQGKHLJKW%LRPDVVVDPSOHVZHUHWDNHQDGMDFHQW
WREXWRXWVLGHRIWKHVWXG\DUHD:HDGYDQFHWKHFRQFHSWRIWKH)XHO+HLJKW0RGHOGXHWRLWVVLPSOLFLW\
DQGVLPLODULW\WRWKHFDQRS\KHLJKWPRGHO&+0RIDLUERUQHODVHUVFDQQLQJ
0HWKRG
6WXG\DUHD
'DWD ZHUH FROOHFWHG DW (JOLQ $LU )RUFH %DVH )/ LQ )HEUXDU\   (JOLQ $)% LV ORFDWHG RQ WKH
SDQKDQGOHRI)ORULGD86$RULJLQDOO\DXQLWRIWKHIRUPHU&KRFWDZKDWFKHH1DWLRQDO)RUHVW(JOLQLVDQ
LPSRUWDQW UHVRXUFH LQ WKHPDQDJHPHQW RI ORQJOHDI SLQH HFRV\VWHPV ZLWK  KD RI ORQJOHDI SLQH
VDQGKLOOVDQGIODWZRRGV(JOLQKDVRQHRI WKHODUJHVWSUHVFULEHGEXUQLQJSURJUDPV LQ WKH8QLWHG6WDWHV
ZLWKKDEXUQHGDQQXDOO\DQGLVPDQDJHGMRLQWO\E\WKH8QLWHG6WDWHV$LU)RUFHDQGWKH&HQWHUIRU
(QYLURQPHQWDO0DQDJHPHQWRI0LOLWDU\/DQGVDW&RORUDGR6WDWH8QLYHUVLW\ 3ORWVZLWKGLPHQVLRQVRI
P[PZHUHHVWDEOLVKHGLQWZRXSODQGORQJOHDISLQHVWDQGVZKLFKZHUHVXEVHTXHQWO\EXUQHGZLWKVWULS
KHDGILUHVLJQLWHGE\D'$,'SLQJSRQJEDOOV\VWHPPRXQWHGRQDURWRUZLQJDLUFUDIW3ORWVZHUHORFDWHG
LQ UHSUHVHQWDWLYH JUDVVVKUXE IXHO W\SHV DQG LQVWUXPHQWHGZLWK D YDULHW\ RIPHWHRURORJLFDO DQG WKHUPDO
PHDVXULQJGHYLFHVSULRUWREXUQLQJ)RUWKLVH[SHULPHQWZHXWLOL]HGWKUHHP[PSORWVFRQWDLQLQJDPL[
RIJUDVVSLQHOLWWHUDQGWXUNH\RDNVKUXEIXHOV)XHOVZHUHVDPSOHGE\SRLQWLQWHUFHSWRQDPHWHUJULG
IURPWHPSRUDU\VFDIIROGLQJHUHFWHGRYHUHDFKSORW$WHDFKVDPSOHSRLQW WKHPD[LPXPKHLJKWRIHDFK
IXHOW\SHSUHVHQWZDVUHFRUGHGHJZLUHJUDVVRWKHUJUDVVHVKHUEDFHRXVVKUXEVE\VSHFLHVOLWWHUFRYHU
DQGGHSWKE\W\SHSLQHDQGRDNFRXQWRIZRRG\GHEULVSLQHFRQHVDQGEDUHVRLO$GGLWLRQDOO\IXHOV
ZHUHGHVWUXFWLYHO\VDPSOHGLQWHQPVXESORWVSHUP[PSORWRXWVLGHRIEXWZLWKLQPHWHUVRIWKH
SORWV7KHODWWHUVDPSOHVZHUHRYHQGULHGDQGZHLJKHGIRUEXONGHQVLW\3ORWVZHUHSKRWRJUDSKHGDWQDGLU
IURPDKHLJKWRIPHWHUVDQGSKRWRJUDSKHGREOLTXHO\IURPHDFKVFDQORFDWLRQSUHDQGSRVWILUH

7DEOH3ORW&KDUDFWHULVWLF6XPPDU\
3ORW,' 'HVFULSWLRQ 0HDQ+HLJKW +HLJKW5DQJH 0HDQ/RDG /RDG5DQJH
  FP FP 0JKD 0JKD
( *UDVV6KUXE  ±  ±
: /LWWHU6KUXE  ±  ±
1: )RUE*UDVV  ±  ±
6: 6KUXE/LWWHU  ±  ±

7/6'DWD&ROOHFWLRQDQG3URFHVVLQJ
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/DVHUVFDQVZHUHFROOHFWHGDWHDFKSORWSUHDQGSRVWEXUQXVLQJDQ2SWHFK,/5,670

'+'LQVWUXPHQW
VFDQQLQJDWN+]7KH7/6ZDVSRVLWLRQHGWRYDQWDJHSRLQWVDOORZLQJIRUGLUHFWOLQHRIVLJKWRYHUWKH
SORWWKUHHPHWHUVIURPSORWHGJHDQGPHWHUVDERYHJURXQG'DWDZHUHFROOHFWHGIURPWKUHHORFDWLRQV
SHUSORWWKHQRUWKZHVWFRUQHUQRUWKHDVWFRUQHUDQGWKHFHQWHURIWKHVRXWKVLGHDWDPPVFDQUHVROXWLRQ
3ORWFRUQHUVZHUHUHIHUHQFHGZLWKDSODVWLFFDSRQUHEDU 7KHQRUWKZHVWFRUQHUZDVGRXEOHFDSSHGIRU
UHIHUHQFH(DFK VFDQZDV FRUUHFWHG WRD FRQWUROGDWD VHW WKDWZDVJHRVSDWLDOO\ UHIHUHQFHG WR*36GDWD
FROOHFWHGDURXQGHDFKSORWXVLQJ3RO\ZRUNVVRIWZDUHVXLWH,QQRYPHWULF4XHEHF&DQDGD6FDQWRVFDQ
FRUUHFWLRQV ZHUH FRPSOHWHG E\ VHOHFWLQJ LGHQWLILDEOH SRLQWV ZLWKLQ WKH FRQWURO GDWD DQG WKHQ IXUWKHU
UHILQLQJWKHVFDQFRUUHFWLRQXVLQJWKHDXWRPDWHGDOLJQDOJRULWKPZLWKLQ3RO\ZRUNV7KHFRUQHUUHIHUHQFH
SRLQWV ZHUH PRUH HDVLO\ LGHQWLILHG LQ SRVWEXUQ VFDQV WKHUHIRUH WKHVH SRLQWV ZHUH XVHG WR UHIHUHQFH
DGMDFHQWVFDQVFHQHVWRJHWKHU$OOODVHUVFDQVZHUHFROOHFWHGIURPWKHVDPHORFDWLRQVERWKSUHDQGSRVW
ILUHSUHILUHVFDQVZHUHDOLJQHGE\XVLQJWKHORFDWLRQRIWKHSRVWEXUQVFDQKHDGDVWKHSULPDU\FRQWURO
SRLQW0DWFKLQJRIVFDQVZDVKLJKO\GHSHQGHQWRQWKHDXWRDOLJQDOJRULWKPLQ3RO\ZRUNVWKHDEVHQFHRI
KDUGWDUJHWVLQWKHSUHILUHVFDQVPDGHPDWFKLQJRIVFHQHVGLIILFXOW

&ODVVLI\LQJ)XHOSRLQWIURP%DUH*URXQGDQG%DUH(DUWK'(0  

1RUPDOL]DWLRQRIKHLJKWGLVWULEXWLRQVXVLQJDEDUHJURXQGVXUIDFHXWLOL]HGDORFDOPLQLPXPILOWHUXVLQJD
WHVVHOODWHG VXUIDFH GHULYHG IURP WKH SRVWILUH VFDQV IRU HDFK SORW  7KH VXUIDFH LV GHULYHG XVLQJ D
WULDQJXODWHGJULGDFPNHUQHOLVSDVVHGRYHUWKHEDUHHDUWKVXUIDFHXVLQJWKHRULJLQDOSRLQWDUUD\IURP
WKHVFDQVGHFLPDWHGWRDSRLQWHYHU\FHQWLPHWHU7KHORFDWLRQRIWKHHDVWLQJDQGQRUWKLQJRIWKHSRLQWLV
QRUPDOL]HG WR WKH PLQLPXP RI WKH H[WHQWV RI WKH GDWD DQG FRQYHUWHG WR DQ LQWHJHU UHSUHVHQWLQJ WKH
FRUUHVSRQGLQJSL[HO ORFDWLRQ RI WKHSRLQW 7KHPLQLPXPRI WKH ORFDO DUHD HQFRPSDVVHG E\ WKH NHUQHO
UHSUHVHQWVWKHQHZYDOXHRIWKHVXUIDFH7KLVPHWKRGZDVXVHGIRUERWKSUHDQGSRVWILUHPHUJHGVFDQV
IRUDOOSORWVWRDVVHVVUHODWLYHDFFXUDF\IRUSUHILUHGHULYHGEDUHHDUWKVXUIDFHV

2.3.1Normalizing the Height Distributions 

+HLJKWVZHUHQRUPDOL]HG WREDUHHDUWKXVLQJ D'(0JHQHUDWHG IURP WKHSRVWILUH VFDQV WRSURGXFH WKH
)+0 3HUFHQWLOH KHLJKWV ZHUH DOVR JHQHUDWHG IURP WKH )+0 /DVWO\ KHLJKWV ZHUH ELQQHG LQ FP
LQFUHPHQWV DQG HDFK ELQ ZDV QRUPDOL]HG E\ WKH WRWDO QXPEHU RI ODVHU SRLQWV LQ WKH FHOO  7KH ODWWHU
DSSURDFKZDVDGRSWHG IROORZLQJ.Xet al ZKRQRWH WKDWKHLJKWELQQRUPDOL]DWLRQFDQEHPRUH
HDVLO\LQWHUSUHWHGWKDQSHUFHQWLOHQRUPDOL]DWLRQDQLPSRUWDQWFRQVLGHUDWLRQJLYHQWKDWRXUZRUNLVODUJHO\
H[SORUDWRU\DQGWKDWWKHDFWXDOKHLJKWVRIIXHOVDUHLPSRUWDQWWRILUHEHKDYLRULQVKUXEJUDVVIXHOV

2.3.2Fishnet and Classifying Plots

(DFKPJULGFHOOZDVFODVVLILHGDVVKUXEJUDVVIRUERUOLWWHUXVLQJDFRPELQDWLRQRISRLQWLQWHUFHSW
GDWDQDGLUSKRWRJUDSK\DQGREOLTXHSKRWRJUDSK\&HOOVZHUHFODVVLILHGIURPWKHQDGLUSKRWRJUDSK\E\
GRPLQDQWFRYHUDQGFRPSDUHGWRSRLQW LQWHUFHSWGDWD ,I WKHUHZDVDJUHHPHQWEHWZHHQWKHWZRWKHFHOO
ZDV FODVVHG FRUUHVSRQGLQJO\ ,I VKUXE ZDV LGHQWLILHG LQ WKH SRLQW LQWHUFHSW WKH FHOO ZDV FODVVLILHG DV
VKUXE:KHUHWKHUHZDVGLVDJUHHPHQWEHWZHHQFODVVLILFDWLRQVREOLTXHSKRWRJUDSK\ZDVFRQVXOWHGDQGD
ILQDOFDOOZDVPDGH:KHUHDPELJXLW\H[LVWHG WKHSRLQWLQWHUFHSWGDWDSUHYDLOHG,W LVZRUWKQRWLQJWKDW
WKHUHZHUHYHU\IHZKRPRJHQRXVFHOOVLQWKHQRQVKUXEFODVVHVDQGGLVFULPLQDWLQJEHWZHHQJUDVVDQGIRUE
ZDVVRPHWLPHVGLIILFXOW7KHILQDOFODVVLILFDWLRQRIQRQVKUXEWKHQUHSUHVHQWVGRPLQDQWFRYHULQWKHFHOO




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2.3.3Extracting Height Metrics  

0HWULFVZHUHH[WUDFWHGWRFKDUDFWHUL]HKHLJKWGLVWULEXWLRQVIRUDOOSORWVDQGJULGFHOOVQ H[FOXGLQJ
PJULGFHOOVDGMDFHQWWRWKHVWHHOUHEDULQHDFKFRUQHURIWKHSORW)RUHDFKJULGFHOOKLVWRJUDPVDW
FPELQVL]HZHUHDQDO\]HGWRH[WUDFWWKHSRLQWZKHUHWKHKLVWRJUDPEHFRPHVHLWKHUDV\PSWRWLFRUGURSV
EHORZDWKUHVKROGRIDIWHUWKHPD[LPXPIUHTXHQF\RIWKHKLVWRJUDPRFFXUV)RUHDFKJULGFHOOWKH
LQIOHFWLRQSRLQWPD[LPXPIUHTXHQF\YDOXHDQGUDWLRRISRLQWVDERYHDQGEHORZWKHLQIOHFWLRQSRLQWDUH
UHFRUGHG  3HUFHQWLOHPHDQ DQG VWDQGDUG GHYLDWLRQ RI ODVHU KHLJKWVZHUH DOVR JHQHUDWHG SHU JULG FHOO
WKRXJK QRW SUHVHQWHG DV QR PHDQLQJIXO UHODWLRQVKLSV FRXOG EH GHULYHG ZLWK KHLJKWV IURP WKH SRLQW
LQWHUFHSWGDWD
5HVXOW
The Fuel Height Model 
7DEOH'HYLDWLRQRI3UHDQG3RVW)LUH%DUH(DUWK6XUIDFHVE\)XHO7\SH

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
:HVWDUW IURP WKHDVVXPSWLRQ WKDWSRVWILUH ODVHUKHLJKWGDWDFORVHO\DSSUR[LPDWHEDUHHDUWKFRQGLWLRQV
EHFDXVHILUHLQGXFHGFRQVXPSWLRQRIJUDVVHVIRUEVDQGSHUFKHGOLWWHUZDVQHDUFRPSOHWHDQGOLWWOHOLWWHU
DQGGXIIUHPDLQHGGXHWRWKHIDFWWKDWWKHVWDQGVKDGEHHQEXUQHGHYHU\VHFRQG\HDUIRUWKHSDVWGHFDGH
&RDUVHZRRG\GHEULVZDVUDUH$FRPSDULVRQRISUHILUHEDUHHDUWKVXUIDFHVZLWKSRVWILUHVXUIDFHVVKRZV
PRGHVW GLIIHUHQFHV WDEOH  DYHUDJLQJ  FP DFURVV DOO SORWV %HWZHHQ SORW GLIIHUHQFH LV PRUH
VXEVWDQWLDO WKDQ EHWZHHQ IXHO W\SH GLIIHUHQFH$ QHJDWLYH GLIIHUHQFHPHDQV WKDW WKH EDUH HDUWK VXUIDFH
IURP WKH SUHEXUQ VFDQ LV ORZHU WKDQ WKH SRVW EXUQ EDUH HDUWK VXUIDFH D QRQLQWXLWLYH UHVXOW DGGUHVVHG
EHORZ LQ'LVFXVVLRQ 7KH EHVW DJUHHPHQW RFFXUV LQ SORW D6:ZKLFK LV SUHGRPLQDQWO\ XSULJKW RDN
VKUXEVDQGIODWRDNOLWWHU,QHDFKSORWWKHGLVWULEXWLRQRIGHYLDWLRQVFHQWHUVQHDU]HURLVV\PPHWULFDODQG
LVOHSWRNXUWLF
Structure Differences between Fuel Types 
$OWKRXJKWKHUHLVFRQVLGHUDEOHYDULDELOLW\LQIXHOKHLJKWGLVWULEXWLRQVZLWKLQIXHOW\SHVGXHWRYDULDWLRQVLQ
WKH DPRXQW W\SH DQG DUUDQJHPHQW RIPDWHULDO LQ HDFK WKH IXHO W\SHV KDYH FKDUDFWHULVWLF DSSHDUDQFHV
ILJXUH*UDVVGRPLQDWHGFHOOVWHQGWRKDYHDORZSHDNWDEOHUHSUHVHQWLQJWKHEXONRIOHDYHVQHDU
WKHJURXQGZLWKDQXSULJKW WDLOGHSLFWLQJQDUURZVWHPV WRSSHGE\ LQIORUHVFHQFH/LWWHU UHVHPEOHVJUDVV
ZLWKDW\SLFDOO\ORZHUFHQWHURIPDVV)RUEGRPLQDWHGFHOOVDUHPXOWLPRGDOZLWKFRQVLGHUDEOHUHIOHFWLRQV
WKURXJKRXWWKHKHLJKWGLVWULEXWLRQ6KUXEVUHVHPEOHJUDVVEXWKDYHPRUHPDWHULDOKLJKLQWKHGLVWULEXWLRQ
DQGDUHRIWHQWDOOHU
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)LJXUH+LVWRJUDPVIRUVLWH&(RUJDQL]HGE\JULGFHOOOD\RXWIRUSUHEXUQ$SLFWXUH$DQGSRVWEXUQ%
SLFWXUH%7KHUHGOLQHDFURVVHDFKKLVWRJUDPUHSUHVHQWVWKHLQIOHFWLRQSRLQWIRUWKLVJUDVVGRPLQDWHGVLWH


7DEOH'LVWULEXWLRQ0HWULFV'HULYHGIURP+LVWRJUDP$QDO\VLV

'HVFULSWLRQ Q ,QIOHFWLRQ
+HLJKW
3HDN+LVWRJUDP
+HLJKW
3RLQWV$ERYH
,QIOHFWLRQ
3RLQWV%HORZ
,QIOHFWLRQ
  FP FP  
3UH)LUH     
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0XOWLSOH FRPSDULVRQV DQDO\VLV LQGLFDWHV WKDW DFURVV LQIOHFWLRQ SRLQW DQG SHDN IUHTXHQF\ WKHUH DUH
GLIIHUHQFHVEHWZHHQVKUXEW\SHIXHOVLQFRPSDULVRQWRJUDVVDQGOLWWHUIXHOW\SHVS*UDVVDQG
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 0.25
25 
+
HL
JK
W
P

0 0.25
25 
0 0.25
25 
0 0.25
25 
0 0.25
25 
0 0.25
25 
0 0.25
25 
0 0.25
25 5HODWLYH)UHTXHQF\
$ %
$ %

6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 

 
OLWWHUIXHOLQIOHFWLRQSRLQWVGRQRWVLJQLILFDQWO\GLIIHUKRZHYHUERWKIXHOW\SHVGLIIHULQUHJDUGVWRWKHSHDN
IUHTXHQF\DQGDOVRDUHGLYHUJHQWIURPWKHPHDQSHDNRIWKHVKUXEIXHOW\SHS 7KHIRUEIXHO
FODVVRQO\GLIIHUVIURPWKHRWKHUFODVVHVZKHQFRPSDULQJSRLQWVDERYHDQGEHORZWKHLQIOHFWLRQSRLQWS
DOORWKHUFODVVHVDUHLQGLVWLQJXLVKDEOHLQWKLVUHJDUG
 
Post-fire Changes to Fuelbeds 
3RVW ILUHFKDUDFWHULVWLFV WDEOHGHPRQVWUDWHGLIIHUHQFHVRI WKH IRXU IXHO W\SHV LQ WHUPVRI WKHSUHILUH
VFDQGDWD([SHFWHGO\YDULDELOLW\LQKHLJKWGLVWULEXWLRQVEHFRPHVQHJOLJLEOHEHWZHHQWKHIRUEOLWWHUDQG
JUDVV IXHO W\SHV LQ WKH SRVWILUH HQYLURQPHQW  7KH VKUXE IXHO FODVV VWDQGV DV WKH H[FHSWLRQ ZKHUH
KDUGZRRG UHWHQWLRQ SRVW ILUH DFFRXQWV IRU RI ODVHU SRLQWV WKDW UHVLGH DERYH WKH LQIOHFWLRQ SRLQW DV
FRPSDUHGWRIRUWKHIRUEJUDVVDQGOLWWHUFODVVHV0XOWLSOHFRPSDULVRQDQDO\VLVVXSSRUWVWKLV
UHVXOWDVWKHVKUXEFODVVLVWKHRQO\VLJQLILFDQWO\GLIIHUHQWIXHOW\SHIRUUDWLRRISRLQWVDERYHDQGEHORZ
WKHLQIOHFWLRQS,QIOHFWLRQDQGSHDNKLVWRJUDPYDOXHVIRUDOOIXHOW\SHDUHVWDWLVWLFDOO\WKHVDPH
ZKHUHLQIOHFWLRQDQGSHDNIUHTXHQF\ERWKORZHULQKHLJKWWRFKDUDFWHUL]HEDUHJURXQG,QWKHIUHTXHQWO\
EXUQHG HQYLURQPHQW RI (JOLQ $)% FRDUVH ZRRG\ GHEULV LV VSDUVH WKRXJK LQ SORW $1: WKHUH LV
HYLGHQFHRIVOLJKWO\KLJKHULQIOHFWLRQKHLJKWVZKHUHSRVWILUHLQIOHFWLRQKHLJKWDYHUDJHFPKLJKHUWKDQ
QRQVKUXEIXHOW\SHVLQWKHSORWZKLFKLVDWWULEXWHGWRDVLQJOHORJO\LQJDFURVVWKHSORW*ULGFHOOVDFURVV
IRUEJUDVVDQGOLWWHUIXHOW\SHVH[KLELWHGVPDOOSURSRUWLRQVRISRLQWVDERYHWKHLQIOHFWLRQSRLQWPRWLYDWHG
E\UHWHQWLRQRIHPHUJHQWWXUNH\RDNKDUGZRRGSUHYLRXVO\PDVNHGE\JUDVVDQGIRUEFRYHU
'LVFXVVLRQ
$VSUHYLRXVO\PHQWLRQHG7/6UHVHDUFKRIVXUIDFHIXHOVLVOLPLWHGDQGVWXGLHVSUHYLRXVO\FRQGXFWHGKDYH
DWWHPSWHG WR TXDQWLI\ HOHPHQWV RI IXHO EHGV LQ UHJDUGV WR RSWLPDO JUDLQ VL]H +LHUV et al.  DQG
TXDQWLI\LQJ IXHO ELRPDVV LQ D FRQWUROOHG VHWWLQJ /RXGHUPLON et al   2XU UHVHDUFK VHHNV D
IUDPHZRUN WKDW XOWLPDWHO\ GLVWLQJXLVKHV IXHO W\SHV DQG SURYLGHV D PHFKDQLVP WR GLVWULEXWH ELRPDVV
HVWLPDWHV DFURVV IXHO W\SHV DQG WKH ODQGVFDSH WKLV SDSHU LV DQ LQLWLDO H[SORUDWRU\ VWXG\ WR EHJLQ
GHYHORSLQJWKHPHWKRGVWRPHHWWKHVHREMHFWLYHV7KHIXHOKHLJKWPRGHOVGHULYHGLQWKLVZRUNDUHUDWLRQDO
JLYHQ WKHLU VLPLODULWLHV WR ZKDW LV REVHUYHG DQG SURGXFH UHDGLO\ LGHQWLILDEOH FRQWUDVWV WKDW DOORZ IRU
FODVVLILFDWLRQRIIXHOW\SHDQGSRWHQWLDOORFDWLRQRIWKHEXONRIELRPDVV&KDUDFWHUL]DWLRQRIIXHOW\SHVDQG
GLVWULEXWLRQVGHPRQVWUDWHWKDWWKHIRUEIXHOW\SHHQJHQGHUVFKDUDFWHULVWLFVDVVRFLDWHGZLWKERWKVKUXEDQG
JUDVVIXHOFODVVHVLQWKHSUHILUHGDWD$VSHFWVRIWKHIXHOVFODVVFRQIRXQGLQJWKHUHVXOWVPRVWOLNHO\VWHP
IURPWKHQHHGWRJHQHUDOL]HIXHOFODVVHVLQKLJKO\YDULDEOHIXHOEHGV8VLQJPDMRULW\UXOHVIRUIXHOW\SLQJ
HOHPHQWVVXFKDVWKHOLWWHUIXHOW\SHLQIDFWFRQWDLQYDULDEOHVWRFNLQJRIERWKJUDVVDQGIRUE,QHYLWDEO\
JHQHUDOL]DWLRQVRI IXHOEHGFKDUDFWHUL]DWLRQZLOO DOZD\VEHQHHGHGDW WKH FRVWRI DFFXUDF\  7KHZRUN
GHVFULEHGLQ WKLVSDSHULV WLHGWRD ODUJHUVHWRILQWHJUDWHGPHDVXUHPHQWVDQGSRLQWVWRVRPHVLJQLILFDQW
VKRUWFRPLQJV  )RU LQVWDQFH WKH SRLQW LQWHUFHSW GDWD FROOHFWHG GRHV QRW DFFXUDWHO\ GHVFULEH WKH IXOO
YDULDELOLW\LQDJULGFHOOIRUERWKIXHOW\SHDQGKHLJKW7UDGLWLRQDOO\WKHVHSRLQWLQWHUFHSWGDWDDUHOLQNHG
WR KHLJKW DQG FRYHU HVWLPDWHV WKDW DUH XVHG WR SUHGLFW ELRPDVV IURP GHVWUXFWLYH VDPSOLQJ LQ VLPLODU
FRQGLWLRQV WKRXJK LQ WKH FDVH RI WKLV H[SHULPHQW WKHVH UHODWLRQVKLSV KDYH EHHQ SRRU  &ROOHFWLQJ
YDOLGDWLRQ GDWD FRPSDUDEOH WR ODVHU VFDQQHG GDWD LV GLIILFXOW UHTXLULQJ GHQVH VDPSOLQJ SURWRFROV WR
DGHTXDWHO\TXDQWLI\IXHOKHLJKWW\SHDQGDPRXQWDWWKHJUDLQVL]HXVHGLQQH[WJHQHUDWLRQILUHEHKDYLRU
PRGHOLQJ6HOHFWLRQRIWKHPHWHUFHOOVL]HLVGHVLJQHGWRUHSUHVHQWWKHVSDWLDOKHWHURJHQHLW\LPSOLFLW
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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DWILQHVFDOHVLQWKHVRXWKHDVWHUQ8QLWHG6WDWHVORQJOHDISLQHHFRV\VWHP+LHUVet al.EXWWKLVJUDLQ
VL]HQHDUVWKHERWWRPOLPLWRIZKDWILUHEHKDYLRUPRGHOVUHDOLVWLFDOO\XVH6HOHFWLRQRIIXHOFHOOVL]HVWKDW
UHIOHFWDFWXDOIXHOVYDULDWLRQPD\EHWWHUPLWLJDWHWKHLVVXHZLWKVSOLWWLQJIXHOW\SHVEHWZHHQFHOOV1RWLQJ
WKHVLPLODULWLHVRISRVWILUHUHPRYDORIDERYHJURXQGGDWDSRLQWVDVVHVVLQJPXOWLSOHJUDLQVL]HVWRDGGUHVV
LQWHUPL[LQJRIIXHOW\SHVRUJHQHUDOL]DWLRQRIIXHOVLQWRVKUXEDQGRWKHUIXHOVPD\EHDQDOWHUQDWLYH7KH
UHWHQWLRQRIDERYHJURXQGGDWDSRLQWVLQWKHVKUXEIXHOW\SHSRVWILUHEHJVWKHTXHVWLRQDVWRZKHWKHUWKHUH
ZLOO DOZD\V EH D QHHG IRU SRVWILUH GDWD WR LGHQWLI\ WKLV IXHO W\SH  &RPSHOOLQJ ILQGLQJV RI WKLV ZRUN
VXJJHVWWKDWDFFXUDWHDQGFRQVLVWHQWEDUHHDUWKVXUIDFHJHQHUDWLRQFDQEHGHULYHGIURPERWKWKHSUHDQG
SRVWEXUQ GDWD DQG IURP WKHVH VXUIDFHV D )+0 FDQ EH GHYHORSHG WR H[WUDFW PHDQLQJIXO PHWULFV
UHSUHVHQWDWLYHRIIXHOFKDUDFWHULVWLFVZHIHHOWKLVLVDVLJQLILFDQWILQGLQJ7KHORZHUSUHILUHVXUIDFHVDUH
SRWHQWLDOO\DUHVXOWRIWKHDXWRDOLJQLQJSURFHVVXVHGWRUHILQHWKHPDWFKLQJRIDGMDFHQWVFDQV3RWHQWLDOO\
WKH UHVXOWLQJ FKDQJH RI LQIOHFWLRQ SRLQW DQG SHDN KLVWRJUDP IUHTXHQF\ IURP ILUH PD\ EH XVHG LQ D
SUHGLFWLYHVHQVHWRHVWLPDWHPDVVORVVGXHWRIXHOVFRQVXPSWLRQ,QWKHIXWXUHZHVXJJHVWDFRQFHSWIRU
GHILQLQJIXHOFHOOVXVLQJFRPELQDWLRQVRISHDNIUHTXHQF\DQGLQIOHFWLRQSRLQWWRZHLJKWDQGDWWULEXWHIXHO
FHOOVXVHGLQDGYDQFHGILUHEHKDYLRUPRGHOV:HHQYLVLRQVHJPHQWLQJWKHIXHOFHOOVXVLQJEUHDNSRLQWVLQ
WKH )+0 WR GHVFULEH IXHO JHRPHWU\ WKXV DOORZLQJ IRU WKH GLVWULEXWLRQ RI EXON GHQVLW\ HVWLPDWHV LQWR
SDUWLWLRQVUHSUHVHQWDWLYHWRZKHUHIXHODFWXDOO\H[LVWV
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Dynamic, LiDAR-based assessment of lighting conditions 
in Pacific Northwest forests 
 
'HPHWULRV*DW]LROLV

86'$)RUHVW6HUYLFH31:5HVHDUFK6WDWLRQHPDLOGJDW]LROLV#IVIHGXV

3DSHU1XPEHU6/

Abstract /LJKW 'HWHFWLRQ DQG 5DQJLQJ /L'$5 WHFKQRORJLHV HPSOR\HG RYHU IRUHVWHG
ODQGVFDSHV SURYLGH D GHWDLOHG UHSUHVHQWDWLRQ RI GRPLQDQW REMHFWV W\SLFDOO\ WUHH FURZQV DQG
JURXQGVXUIDFHV,QWKLVVWXG\WKHDFWXDOOLJKWLQJUHJLPHZLWKLQDIRUHVWVWDQG LVGHULYHGIURP
/L'$5GDWDLQDWZRVWDJHSURFHVV)LUVWD/L'$5GDWDGHULYHGJURXQGVXUIDFHUDVWHULVXVHGWR
GHWHUPLQH ZKHWKHU SK\VLRJUDSKLF FRQGLWLRQV DURXQG WKH WDUJHWHG DUHD DIIHFW GLUHFW VXQ
LOOXPLQDWLRQ7KHVHFRQGVWDJHRSHUDWHVRQWKHYR[HOGRPDLQZKLFKSDUWLWLRQVVSDFHLQGLVFUHWH
FXELFDOHOHPHQWVDQGODEHOVWKHPHLWKHUILOOHGLIWKH\FRQWDLQDWOHDVWRQHODVHUUHWXUQRUHPSW\
RWKHUZLVH$EXIIHUDURXQGWKHDUHDRILQWHUHVWHQVXUHVWKDWVKDGRZLQJLQGXFHGE\VXUURXQGLQJ
YHJHWDWLRQ LV FRQVLGHUHG LQ WKH FRPSXWDWLRQV 5D\ WUDFLQJ WKURXJK WKH YR[HO VSDFH DORQJ WKH
WUDMHFWRU\WKDWFRQQHFWVWKHVXQDQGHDFKIDFHWRIHDFKILOOHGYR[HOFODVVLILHVWKHIDFHWVDVHLWKHU
VXQOLWRULQVKDGRZ7KHSURFHVVFDQEHUHSHDWHGIRUDGGLWLRQDOVXQORFDWLRQVRUWLPHLQWHUYDOV
IURPVXQULVHWRVXQVHWIRUDJLYHQGD\8OWLPDWHO\WKHGDLO\FXPXODWLYHRUWLPHLQWHUYDOVSHFLILF
DPRXQWRIGLUHFWVXQOLJKWGXULQJDFORXGOHVVGD\FDQEHFRPSXWHG$GHTXDWHKDUGZDUHUHVRXUFHV
DUH FULWLFDO IRU UHDVRQDEOH FRPSXWLQJ WLPHV RYHU ODUJH DUHDV RU ILQH WLPH LQWHUYDOV 7KH
PHWKRGRORJ\ GHVFULEHG DERYH ZDV HYDOXDWHG XVLQJ SUHFLVHO\ JHRUHIHUHQFHG DQG WLPHG ILHOG
REVHUYDWLRQVRIJURXQGLOOXPLQDWLRQFRQGLWLRQVLQIRUHVWVWDQGVLQHDVWHUQ2UHJRQ5HPDUNDEOH
DJUHHPHQWEHWZHHQUHFRUGHGDQGGHULYHG OLJKWLQJFRQGLWLRQVZDVREVHUYHG7KLVPHWKRGRORJ\
IRU FRPSXWLQJ OLJKWLQJ UHJLPH ZKHUHYHU KLJKGHQVLW\ /L'$5 GDWD DUH DYDLODEOH KDV YDULRXV
SRWHQWLDODSSOLFDWLRQVLQFOXGLQJFRQWULEXWLRQVWRIRUHVWJURZWKDQG\LHOGPRGHOVDVVHVVPHQWRI
UHJHQHUDWLRQ SRWHQWLDO VWUHDP VKDGLQJ DQG LQ VXSSRUW RI PDQDJHPHQW DQG WDFWLFDO GHFLVLRQ
PDNLQJ

1. Introduction 
 
6XQOLJKW LV D PDMRU HQYLURQPHQWDO DQG HFRORJLFDO IDFWRU :LWKLQ IRUHVW VWDQGV VXQOLJKW RU
VLPSO\ OLJKW DYDLODELOLW\ LV DIIHFWHG E\ WKH DPRXQW DQG VSDWLDO GLVWULEXWLRQ RI DERYHJURXQG
YHJHWDWLRQ 3DUHQWDQG0HVVLHU  WRSRJUDSK\ DQGE\GLXUQDODQG VHDVRQDO F\FOHV LQ WKH
VXQ WUDMHFWRU\ /LJKW DYDLODELOLW\ LV NQRZQ WR OLPLW WKH VXUYLYDO DQG JURZWK RI PDQ\ IRUHVW
VSHFLHV&RPHDXHWDO1LFRWUDHWDODQG WRDIIHFWDJURIRUHVWU\V\VWHPSUDFWLFHV
%HOORZDQG1DLU WKHGLVSHUVDORI LQYDVLYHVSHFLHV 3DUHQGHVDQG-RQHV VWUHDP
WHPSHUDWXUH&KHQHWDODQGPDQ\RWKHUSKHQRPHQDDQGDFWLYLWLHV&RQVLGHULQJWKHKLJK
YDULDELOLW\ RI OLJKW DYDLODELOLW\ LQ VSDFH DQG WLPH REVHUYHG LQ ILHOG FRQGLWLRQV WKH H[SOLFLW
GLVWULEXWHGDVVHVVPHQWRI OLJKWFRQGLWLRQV LV UHJDUGHGDVDQLOOSRVHG WDVNSULPDULO\GXH WR WKH
WUHPHQGRXV DQG VHOGRP PHW GDWD UHTXLUHPHQWV RQ WKH VWUXFWXUDO HOHPHQWV RI D IRUHVW VWDQG
%UXQQHU  7R RYHUFRPH WKHVH OLPLWDWLRQV YDULRXV VLPSOLI\LQJ DVVXPSWLRQV DUH PDGH
FRQFHUQLQJWKHPDLQVWUXFWXUDOHOHPHQWVRIDIRUHVWVWDQGDQGOLJKWDYDLODELOLW\LVDVVHVVHGYLD
PRGHOLQJHJ0DF)DUODQHHWDO7UHHFURZQVLQ WKHPRGHOVDUH UHSUHVHQWHGE\VLPSOH
JHRPHWULFDOVKDSHVVXFKDVFRQHVF\OLQGHUVRUHOOLSVRLGV0RGHOSUHGLFWLRQVURXWLQHO\VHUYHDV
LQSXW WR JURZWK DQG \LHOG PRGHOV RU LQ VXSSRUW RI IRUHVW PDQDJHPHQW GHFLVLRQV )LHOG
PHDVXUHPHQWVRILQVWDQWDQHRXVOLJKWDYDLODELOLW\QHFHVVDU\IRUPRGHOGHYHORSPHQWDUHW\SLFDOO\
REWDLQHG E\ SURFHVVLQJ KHPLVSKHULFDO SKRWRV RU E\ XVLQJ TXDQWXP VHQVRUV GXULQJ RYHUFDVW
FRQGLWLRQV$OORSWLRQVDGGVXEVWDQWLDOORJLVWLFDOFRVWWRDQDOUHDG\FRPSOH[HIIRUW

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$FFXUDWH DVVHVVPHQW RI WHPSRUDO VXQ LOOXPLQDWLRQ UHJLPHVZLWKLQ IRUHVWVPLJKW EH DWWDLQDEOH
ZKHUH/LJKW'HWHFWLRQDQG5DQJLQJ/L'$5GDWDDUHDYDLODEOH$VVXPLQJDGHTXDWHGHQVLW\LQ
WKH UHWXUQ SRLQW FORXG UHQGLWLRQV RI WKH /L'$5 GDWD LQ WKUHHGLPHQVLRQV ' SUHVHQWHG WR
KXPDQVDUHSHUFHLYHGDVGHWDLOHGUHSUHVHQWDWLRQVRIWUHHFURZQVDQGRIWKHJURXQGWKHGRPLQDQW
VWUXFWXUHV LQ D IRUHVWHG VFHQH ,I /L'$5 GDWD FRXOG EH FRQVLVWHQWO\ FRQYHUWHG WR D '
UHSUHVHQWDWLRQRIYHJHWDWLRQREMHFWVWKHLQWHUDFWLRQEHWZHHQWKHVHREMHFWVDQGWKHOLJKWHPLWWHG
IURP D VRXUFH SRVLWLRQHG VRPHZKHUH ZLWKLQ RU RXWVLGH WKH VFHQH FRXOG EH FDOFXODWHG
DQDO\WLFDOO\ $ VLPSOLILHG YDULDQW RI WKLV DSSURDFK LV HPHUJLQJ ZLWK LQFUHDVLQJ IUHTXHQF\ LQ
IRUHVW DSSOLFDWLRQV ,W LQYROYHV DKLJKHVWUHWXUQ UDVWHU VXUIDFHJHQHUDWHG IURP WKH/L'$5GDWD
WKDW LV SURFHVVHG ZLWK DQ LPSOHPHQWDWLRQ RI WKH KLOOVKDGH DOJRULWKP HJ %XUURXJK DQG
0F'RQHOOIRUDVSHFLILHGVXQD]LPXWKDQGHOHYDWLRQDQJOHVWRGHWHUPLQHWKHVXQOLWFHOOV
DQGWKRVHLQVKDGRZ:KLOHWKLVDSSURDFKPLJKWEHDXVHIXODSSUR[LPDWLRQRIOLJKWLQJUHJLPHV
ZKHQWKHVXQLVDWDKLJKHOHYDWLRQDQJOHXQIRUWXQDWHO\LWLVELDVHGDQGIDYRUVFHOOVLQVKDGRZ
7KHELDVLVLQWURGXFHGSULPDULO\E\WKHFRQVLVWHQWH[DJJHUDWLRQRIWKHYROXPHRFFXSLHGE\WUHH
FURZQV DQG DOVR E\ WKH LQDELOLW\ RI WKH UDVWHU UHSUHVHQWDWLRQ VRPHWLPHV NQRZQ DV D '
UHQGHULQJ WR FRQVLGHU LOOXPLQDWLRQ RI YHJHWDWLRQ DQG JURXQG SRUWLRQV WKDW DUH RYHUWRSSHG E\
YHJHWDWLRQ 7KLV VWXG\ LQWURGXFHV DQ DOWHUQDWLYH DSSURDFK SRWHQWLDOO\ FDSDEOH RI SURYLGLQJ
DFFXUDWH LOOXPLQDWLRQ HVWLPDWHV ,WV SHUIRUPDQFH LV HYDOXDWHG XVLQJ DFWXDO OLJKW DYDLODELOLW\
REVHUYDWLRQVLQHDVWHUQ2UHJRQ

2. Methods  

9R[HOEDVHGPRGHOHGDQG/L'$5EDVHGUHSUHVHQWDWLRQVRIJURXQGVXUIDFHVDQGYHJHWDWLRQDUH
LQWHUVHFWHG RU WUDYHUVHG E\ UD\V WKDW PLPLF VRODU LOOXPLQDWLRQ $ VHULHV RI VLPXODWLRQV IRU
GLIIHUHQWVXQSRVLWLRQVDUHSHUIRUPHGDQGWKHUHVXOWLQJLOOXPLQDWLRQUHJLPHVDUHVXPPDUL]HG

2.1 Study area and field data 

7KHDSSUR[LPDWHO\KDVWXG\DUHDLV ORFDWHGLQWKH0DOKHXU1DWLRQDO)RUHVWLQHDVWHUQ
2UHJRQ86$ZKHUH HOHYDWLRQ UDQJHV IURP  WR P )LJXUH D'RPLQDQW VSHFLHV
LQFOXGH3RQGHURVDSLQH3LQXVSRQGHURVD'RXJODVILU3VHXGRWVXJDPHQ]LHVLLZHVWHUQODUFK
/DUL[RFFLGHQWDOLVJUDQGILU$ELHVJUDQGLVDQGORGJHSROHSLQH3LQXVFRQWRUWD7KH)RUHVW
H[KLELWV D YDULHW\ RI SK\VLRJUDSKLF FRQGLWLRQV DQG WKH PDMRULW\ RI IRUHVW VWDQGV IHDWXUH RSHQ
FDQRSLHVZLWKPHGLXPEHWZHHQDQGSHUFHQWFDQRS\FRYHU7KHVWXG\DUHDFRQWDLQV
)RUHVW,QYHQWRU\DQG$QDO\VLV),$3URJUDPSORWVZLWKPRUHWKDQWDOOLHGWUHHV),$XVHV

D

E

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)LJXUHD6WXG\DUHDLQWKH0DOKHXU1DWLRQDO)RUHVWDQGE)LHOGSURWRFROIRUVRODULOOXPLQDWLRQ
REVHUYDWLRQV

D FOXVWHUHG GHVLJQ ZLWK HDFK SORW FRPSULVLQJ  VXESORWV 6RODU LOOXPLQDWLRQ FRQGLWLRQV ZHUH
UHFRUGHG LQ  ),$ VXESORWV LQ WKH VXPPHU RI  5DQGRPO\ RULHQWHG WUDQVHFWV ZHUH
HVWDEOLVKHG LQ HDFK VXESORW DUUDQJHGDV VKRZQ LQ)LJXUHE DQG LOOXPLQDWLRQFRQGLWLRQVZHUH
UHFRUGHGDWWZRPHWHULQWHUYDOVIURPWKHHGJHRIHDFKWUDQVHFW(DFKREVHUYDWLRQZDVWLPHGDQG
DVVLJQHGDFRGHLILQVKDGRZLIVXQOLWDQGLIYHU\FORVHWRWKHERXQGDU\EHWZHHQVXQOLW
DQG VKDGRZHG DUHDV$Q LQGH[ YDOXH FRPSXWHG DV WKHPHDQ RI DOO REVHUYDWLRQV SHU VXESORW
TXDQWLILHGWKHVRODULOOXPLQDWLRQFRQGLWLRQV&RRUGLQDWHVRIVXEPHWHUSUHFLVLRQZHUHREWDLQHGDW
HDFKVXESORWFHQWHUYLDSRVWSURFHVVHGGLIIHUHQWLDO*OREDO3RVLWLRQLQJ6\VWHPGDWD

2.2 LiDAR data 

'LVFUHWHUHWXUQDLUERUQH/L'$5GDWDZHUHDFTXLUHGRYHUWKHVWXG\DUHDLQDQGZLWK
WZR LQVWUXPHQWV D /HLFD $/6 3KDVH ,, DQG D /HLFD $/6 %RWK RSHUDWHG ZLWK SXOVH
IUHTXHQF\RIN+]DQG DUH FDSDEOHRI UHFRUGLQJXS WR UHWXUQVSHUSXOVH$QDYHUDJH
SHUFHQWVFDQQLQJVZDWKVLGHODSPHDQLQVWUXPHQWWDUJHWUDQJHRIPPLUURUVFDQIUHTXHQF\
RIDQGUHWXUQILOWHULQJWRDPD[LPXPVFDQDQJOHRIGHJUHHV\LHOGHGDPHDQGHQVLW\RI
UHWXUQV SHU VTXDUH PHWHU 7KH QRPLQDO IRRWSULQW GLDPHWHU DQG VSDFLQJ ZHUH  DQG  FP
UHVSHFWLYHO\ $ P /L'$5GHULYHG 'LJLWDO 7HUUDLQ0RGHO '70 ZDV SURYLGHG E\ WKH
GDWDYHQGRU

2.3 Modeled and LiDAR-based voxel scene representation 

%\XVLQJWUHHVL]HLQIRUPDWLRQUHFRUGHGGXULQJILHOGYLVLWVRI),$SORWVVSHFLHVVSHFLILFFURZQ
VKDSH WHPSODWHV DQG)RUHVW9HJHWDWLRQ6LPXODWRU 6KDZ IRUPXODHZKLFK HVWLPDWH WUHH
FURZQUDGLXVIURPVWHPGLDPHWHUDWEUHDVWKHLJKW'FURZQDQGVWHPPRGHOVZHUHJHQHUDWHG
IRU HDFK WDOOLHG WUHH 7KH GLVWULEXWLRQ RI SORW WUHH GHQVLW\ ZDV DOVR DVVHVVHG &URZQ VKDSH
WHPSODWHVZHUHGHVLJQHGDVZHLJKWHGFRPELQDWLRQVEHWZHHQFRQHVDQGHOOLSVRLGVRISUHGHILQHG
HFFHQWULFLW\ 6WHPVZHUH GHSLFWHG DV FRQHV )LJXUH D2QHKXQGUHG UHDOL]DWLRQV RIPRGHOHG
WUHH VWDQGV KHQFHIRUWK UHIHUUHG WR DV VFHQHV HDFK KHFWDUHV LQ VL]HZHUH WKHQ JHQHUDWHG E\
VDPSOLQJIURPWKHSORWWUHHGHQVLW\GLVWULEXWLRQDQGWKHOLVWRIUHFRQVWUXFWHGFURZQVKDSHVIURP
WKHWDOOLHGWUHHV)LJXUHE7KHVSDWLDOGLVWULEXWLRQRIVWHPVLQWKHPRGHOHGVWDQGVIROORZHGD
6WUDXVVSURFHVVDFRPSURPLVHEHWZHHQDUHJXODUSRLQWSDWWHUQRQDJULGDQGDFRPSOHWH
UDQGRPRQH$6WUDXVVSRLQWSDWWHUQLVEHOLHYHGWRDSSUR[LPDWHWKHVSDWLDODUUDQJHPHQWRIWUHHV
LQ WKH0DOKHXU1DWLRQDO)RUHVW7KH JHRPHWULF VKDSHV RI WUHH FURZQV DQG VWHPV LQ WKH VFHQH
ZHUHWKHQFRQYHUWHGWRDYR[HOUHSUHVHQWDWLRQ7KHODWWHULVGHILQHGDVWKHSDUWLWLRQLQJRIVSDFH
LQWRGLVFUHWHFXELFHOHPHQWV9R[HOVZLWKFHQWHUZLWKLQDPRGHOHGVWHPRUFURZQZHUHODEHOHG
µILOOHG¶RWKHUZLVHWKH\ZHUHODEHOHGµHPSW\¶7HUUDLQLQDOOPRGHOHGVFHQHVZDVFRQVLGHUHGIODW

7KHKD/L'$5EDVHG VFHQH UHSUHVHQWDWLRQVZHUHFHQWHUHGRQHDFKRI WKHVXESORWV7KH
EXIIHUDUHDDURXQGHDFKVXESORWFHQWHUHQVXUHVWKDWWKHLQIOXHQFHRQLOOXPLQDWLRQFRQGLWLRQVRI
ERWKWKHVXUURXQGLQJYHJHWDWLRQDQGWKHORFDOWRSRJUDSK\LVFRQVLGHUHG9R[HOVFRQWDLQLQJRQH
RUPRUHDERYHJURXQGUHWXUQVZHUHODEHOHGILOOHG5HWXUQVZLWKDERYHJURXQGHOHYDWLRQEHORZ
BPZHUHH[FOXGHGIURPWKHYR[HOODEHOLQJSURFHVVWRHQVXUHDFOHDUGLVWLQFWLRQEHWZHHQJURXQG
DQGYHJHWDWLRQYR[HOV7KHIRUPHUZHUHLGHQWLILHGXVLQJWKH'70SURYLGHGE\WKHGDWDYHQGRU

2.4 Voxel traversal by sun rays 

3ULRUWRDFWXDOYR[HOWUDYHUVDORSHUDWLRQVWKHLOOXPLQDWLRQRIFHOOVLQWKHVXESORW'70LV
H[DPLQHGE\DSSOLFDWLRQRIWKHKLOOVKDGHDOJRULWKPIRUDOOGHVLUHGVXQORFDWLRQV3URQRXQFHG
JHRPRUSKRORJLFDOIHDWXUHVLQWKHYLFLQLW\RIWKHVXESORWVXFKDVPRXQWDLQSHDNVULGJHVRUVWHHS
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

D E
)LJXUHD3HUVSHFWLYHYLHZRIPRGHOHGWUHHVZLWKIURPIURQWWREDFNFRQLFDOZHLJKWHGDQGHOOLSVRLGDO
FURZQVKDSHDQGE3HUVSHFWLYHYLHZRIPRGHOHGKDVFHQH

WHUUDLQFRXOGEORFNLQFRPLQJVRODUUD\VDQGLIWKHLUSUHVHQFHLVQRWFRQVLGHUHGVXQOLWFRQGLWLRQV
ZLOO EH RYHUHVWLPDWHG $IWHU WKH DEVHQFH RI WRSRJUDSK\LQGXFHG VKDGLQJ HIIHFWV KDV EHHQ
FRQILUPHGWKHGLUHFWLRQDOYHFWRUVRIWKHVXQUD\VWRWKHFHQWHURIWKHSDUDOOHOHSLSHGHQYHORSLQJ
WKHVFHQHYR[HOVDUHFRPSXWHG7KHGLUHFWLRQDOYHFWRUVDUHDVVXPHGFRQVWDQWZLWKLQ WKHVFHQH
FRQVLGHULQJLWVVL]HLQUHODWLRQWRWKHGLVWDQFHWRWKHVXQ

7KHYR[HOWUDYHUVDOE\VXQUD\VLVDPRGLILFDWLRQRIWKHPHWKRGE\$PDQDWLGHVDQG:RR
)RU D JLYHQ VXQ ORFDWLRQ UD\V DUH JHQHUDWHG WRZDUGV WKH FHQWHU RI HYHU\ YLVLEOH YR[HO IDFHW
VLGHLQWKHVFHQH)RUHDFKUD\WKHGLUHFWLRQDOYHFWRUVFDOFXODWHGIRUWKHFXUUHQWVXQORFDWLRQ
DUH XVHG WR GHWHUPLQH WKH FRRUGLQDWHV RI WKH HQWU\ SRLQW WR WKH VFHQH$V WKH UD\ SURJUHVVHV
WRZDUGVWKHWDUJHWHGYR[HOIDFHWLWVLQWHUVHFWLRQVZLWKRWKHUYR[HOIDFHWVDUHFRPSXWHGDQGWKH
ODEHORIWKHHDFKYR[HOLVH[DPLQHG7KHUD\WHUPLQDWHVLILWLQWHUVHFWVWKHIDFHWRIDILOOHGYR[HO
$IDFHWLVODEHOHGVXQOLWRQO\LILWLVUHDFKHGE\WKHUD\GLUHFWHGWRLWVFHQWHU7KHHQWLUHSURFHVV
LQFOXGLQJWKHFRQVWUXFWLRQRIWKHPRGHOHGVFHQHVZDVVFULSWHGLQWKH&SURJUDPPLQJODQJXDJH
ZLWKPXOWLWKUHDGLQJVXSSRUW6XQD]LPXWKDQGHOHYDWLRQDQJOHVIRUVSHFLILFORFDWLRQVDQGWLPHV
ZHUHFRPSXWHGE\XVLQJDOLEUDU\FRPSLOHGE\5HGDDQG$QGUHDV

2.5. The role of voxel resolution 

,WZDVGHWHUPLQHGYLDH[SHULPHQWDWLRQZLWKPRGHOHGVFHQHVWKDWIRUDJLYHQVRODUSRVLWLRQDV
UHVROXWLRQEHFRPHV FRDUVHU VFHQHVXUIDFHV LQ VKDGRZ LQFUHDVH DW WKH H[SHQVHRI WKRVH VXQOLW
7KHYR[HOUHVROXWLRQDQGVXQOLWRUVKDGRZHGDUHDUHODWLRQVKLSZDVIRXQGWREHOLQHDUDQG WKH
XQGHUHVWLPDWLRQRIVXQOLWDUHDVIRUDJLYHQUHVROXWLRQZDVPRUHSURQRXQFHGZKHUHWUHHGHQVLW\
ZDV KLJKHU )LJXUH D 7KLV REVHUYDWLRQ IURP WKH PRGHOHG VFHQHV LPSOLHV WKDW XQELDVHG
DVVHVVPHQWRIOLJKWFRQGLWLRQVYLDYR[HOUHSUHVHQWDWLRQVDWOHDVWIRUFURZQVPRGHOHGDVFRQFDYH
REMHFWVZLWKFRQWLQXRXVVXUIDFHVLVSRVVLEOHRQO\ZLWKYHU\ILQHYR[HOUHVROXWLRQ,IDSSOLHGWR
/L'$5GHULYHG VFHQHV VXFKD FRQVWUDLQWZRXOGXQGHUPLQH WKH HQWLUH DSSURDFKEHFDXVHZLWK
WRRILQHDUHVROXWLRQYR[HOVWKHUHSUHVHQWDWLRQVRIFURZQVZRXOGEHH[FHHGLQJO\VSDUVHHYHQIRU
KLJKGHQVLW\DFTXLVLWLRQV+HQFHWKHVXQOLWDUHDVZRXOGEHJURVVO\RYHUHVWLPDWHG&RQYHUVHO\
LI UHVROXWLRQ LV WRR FRDUVH WKH YROXPH RFFXSLHG E\ FURZQV ZRXOG EH LQIODWHG DQG OHDG WR
RYHUHVWLPDWLRQ RI VKDGRZV 7KDQNIXOO\ KRZHYHU LW ZDV VXEVHTXHQWO\ GHWHUPLQHG WKDW
FRQVLVWHQWO\DFFXUDWHHVWLPDWHVFDQEHREWDLQHGHYHQZLWKFRDUVHUYR[HO UHVROXWLRQV7KLVZDV
6LOYLODVHU6HSWHPEHU±9DQFRXYHU&DQDGD
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DFFRPSOLVKHGE\GLUHFWLQJLQVWHDGRIRQHIRXUVXQUD\VWRZDUGVHDFKYLVLEOHYR[HOIDFHWVLQWKH
DUUDQJHPHQWVHHQLQWKHLQVHWRI)LJXUHEDQGE\ODEHOLQJWKHIDFHWVXQOLWDVORQJDVDWOHDVWRQH
UD\ZHUH WR UHDFK LW )LJXUHE7KH IRXUUD\SHU IDFHWRSWLRQZDVHPSOR\HG IRUDOO/L'$5
GHULYHGVFHQHV

 
D E
)LJXUHD5HODWLRQVKLSEHWZHHQYR[HOUHVROXWLRQDQGH[WHQWRIVXQOLWDUHDVLQPRGHOHGVWDQGVDV
IXQFWLRQRIWUHHGHQVLW\DQGEHIIHFWRIVXQUD\GHQVLW\DQGGLVWULEXWLRQ>LQVHW@RQVXQOLWFRQGLWLRQV

'HWHUPLQLQJ WKH UHVROXWLRQ WKDW \LHOGV DFFXUDWH HVWLPDWHV RI VRODU LOOXPLQDWLRQ UHJLPHV LV
WKHUHIRUH FULWLFDO DQGGHSHQGHQWRQ WKH ORFDOGHQVLW\RI WKH UHWXUQ FORXG6LQFH UHWXUQGHQVLW\
VHOGRP LV VWDWLRQDU\ DFURVV WKH DFTXLVLWLRQ DUHD WKH RSWLPDO YR[HO UHVROXWLRQ KDV WR EH
GHWHUPLQHGG\QDPLFDOO\)ROORZLQJH[SHULPHQWDWLRQZLWKLQGHSHQGHQWILHOGREVHUYDWLRQRIOLJKW
DYDLODELOLW\ WKH RSWLPDO YR[HO UHVROXWLRQ ZDV GHWHUPLQHG DV WKH PHDQ ORFDO VSDFLQJ LQ WRZ
GLPHQVLRQV DPRQJ DERYHJURXQG UHWXUQV ZLWK HOHYDWLRQ YDOXH ZLWKLQ  P IURP WKH KLJKHVW
UHWXUQUDVWHUVXUIDFH

3. Results and Discussion 

7KHUHVROXWLRQRIWKH/L'$5GDWDGHULYHGYR[HOVFHQHVFHQWHUHGRQHDFKRIWKHVXESORWVZLWK
OLJKW REVHUYDWLRQV UDQJHG IURP  WR  FP PHDQ  FP 7KH YROXPH RFFXSLHG E\ YR[HOV
FRQWDLQLQJDWOHDVWRQHUHWXUQIURPVXESORWWUHHFURZQVUDQJHGEHWZHHQDQGSHUFHQWRIWKH
YROXPHWKDWZRXOGKDYHEHHQRFFXSLHGLIWKHFURZQVRIWKRVHWUHHVKDGEHHQPRGHOHGXVLQJWKH
SURFHGXUH GHVFULEHG LQ VHFWLRQ  /RZHU DQG LQWHUQDO FURZQ FRPSRQHQWV H[KLELWHG VSDUVHU
UHSUHVHQWDWLRQ

'HVSLWH WKH YR[HO GHQVLW\ DQG FRQWLQXLW\ LVVXHV IRU PRVW FURZQV D UHPDUNDEOH DJUHHPHQW
EHWZHHQ /L'$5GHULYHG DQG ILHOGPHDVXUHG VXQOLW LOOXPLQDWLRQ RI JURXQG VXUIDFHV ZDV
REVHUYHG)LJXUH7KHVORSHRIILHOGPHDVXUHGYDOXHVUHJUHVVHGOLQHDUO\DJDLQVWWKH/L'$5
GHULYHGRQHVZDVQRWGLIIHUHQWIURPDWĮ 7KLVILQGLQJLQGLFDWHVWKDWWKHPHWKRGRORJ\
HPSOR\HGLVFDSDEOHRIGHOLYHULQJXQELDVHGHVWLPDWHVRIVRODULOOXPLQDWLRQUHJLPHVDWOHDVWLQ
WKHSUHVHQFHRIYHJHWDWLRQDQG/L'$5 UHWXUQGHQVLW\ FRQGLWLRQV VLPLODU WR WKRVH HYDOXDWHG LQ
WKLVVWXG\2I WKH WZRRXWOLHUVREVHUYHG WKHILUVWZLWKILHOGLQGH[YDOXHDSSUR[LPDWHO\RU
GLUHFWVXQOLWLOOXPLQDWLRQEHORQJHGWRDQDUHDZLWKQRWHGEXGZRUPLQIHVWDWLRQ,QWKH\HDU
6LOYLODVHU6HSWHPEHU±9DQFRXYHU&DQDGD
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
)LJXUH&RPSDULVRQRI/L'$5GHULYHGHVWLPDWHVDQGILHOGREVHUYDWLRQVRIJURXQGVRODULOOXPLQDWLRQ

HODSVHG EHWZHHQ /L'$5 GDWD DFTXLVLWLRQ DQG ILHOG OLJKW PHDVXUHPHQWV SURJUHVVLRQ LQ
LQIHVWDWLRQ LQWHQVLW\ DQG HQVXLQJ UHGXFWLRQV LQ FURZQ IROLDJH FRXOG EH UHVSRQVLEOH IRU
RYHUHVWLPDWLRQRIVXQOLWFRQGLWLRQV7KHVHFRQGRXWOLHUZDVDVXESORWSRVLWLRQHGDWWKHHGJHRID
IRUHVWVWDQG WRZDUGVDVL]HDEOHRSHQLQJZKHUHLQVWDELOLW\ LQDLUFUDIWDWWLWXGHUHVXOWHG LQUHWXUQ
GHQVLW\PXFKORZHUWKDQWKHPHDQDFURVVWKHHQWLUHDFTXLVLWLRQ7KHHQVXLQJXQGHUVDPSOLQJRI
FURZQVDWWKHHGJHRIWKHVWDQGOLNHO\OHGWRRYHUHVWLPDWLRQRIWKHOLJKWUHJLPH

9LVXDO TXDOLWDWLYH DVVHVVPHQW RI/L'$5 UHWXUQ FORXGV RU HYHQ YR[HO UHSUHVHQWDWLRQV VXJJHVWV
WKDWRFXODUHVWLPDWHVRIVXQOLJKWLOOXPLQDWLRQFRQGLWLRQVFDQEHVXEVWDQWLDOO\RYHUHVWLPDWHG,Q
WKHVFHQHVKRZQLQ)LJXUHDDQGERQO\DERXWSHUFHQWRIWKHJURXQGDWWKHFHQWUDOKDOI
DUHDRIWKHVFHQHLVDFWXDOO\VXQOLWDQDPRXQWPXFKOHVVWKDQWKHPHDQRISHUFHQWVXJJHVWHG
E\KXPDQFRJQLWLRQIRUWKHPLGPRUQLQJRIDVXPPHUGD\)LJXUHFLOOXVWUDWHVWKHLPSRUWDQFH
RI XVLQJ D EXIIHU DURXQG WKH DUHD RI LQWHUHVW WR QHJDWH VFHQH HGJH HIIHFWV ,W ZDV IRXQG WKDW
LQFUHDVLQJWKHEXIIHUZLGWKEH\RQGWLPHVWKHPHDQWUHHKHLJKWGLGQRWLPSURYHWKHDFFXUDF\
RI VXQOLW DUHD HVWLPDWHV &XPXODWLYH HVWLPDWHV RI VXQOLW FRQGLWLRQV IRU D GD\ )LJXUH G RU
ORQJHUSHULRGH[KLELWHGVXEVWDQWLDOYDULDELOLW\DQGSURQRXQFHGORFDOVSDWLDOFRQWLQXLW\

7KHNH\FRQFHSWRIWKLVVWXG\LVWKHDVVXPSWLRQWKDWUHSUHVHQWDWLRQVRIWUHHFURZQVJHQHUDWHG
IURP/L'$5UHWXUQFORXGVVXSSRUWDQDO\WLFDODQGH[SOLFLWFDOFXODWLRQVUHJDUGLQJWKHWLPLQJDQG
GXUDWLRQRIVRODULOOXPLQDWLRQFRQGLWLRQVZLWKLQIRUHVWVWDQGV:LWKPRVWUHFHQW/L'$5
DFTXLVLWLRQVLQWKH6WDWHRI2UHJRQREWDLQHGLQKLJKGHQVLW\DQGH[WHQGLQJRYHUODUJHDUHDVWKH
XWLOLW\RIG\QDPLFOLJKWDYDLODELOLW\HVWLPDWHVHYROYHVIURPDWKHRUHWLFDOH[HUFLVHWRDSUDFWLFDO
PDQDJHPHQWDQGGHFLVLRQPDNLQJWRRO7KHWUDQVLWLRQIURPFRQFHSWWRLPSOHPHQWDWLRQUHTXLUHG
GHFLVLRQVRQRIWHQHOXVLYHFRPSRQHQWVWKDWDUHLQWHJUDOWRWKHLPSOHPHQWDWLRQSURFHGXUHVXFKDV
WKHYR[HOUHVROXWLRQDSSURSULDWHIRUHDFKVFHQHDQGQXPEHURIUD\VWRXVH%\XVLQJPRGHOHG
UHSUHVHQWDWLRQVRIWUHHFURZQVWKHHIIHFWVRIWKHVHFRPSRQHQWVRQWKHLOOXPLQDWLRQHVWLPDWHV
FRXOGEHLQYHVWLJDWHGTXDQWLILHGDQGXOWLPDWHO\FRQWUROOHGWKHUHE\HQVXULQJHVWLPDWLRQ
DFFXUDF\(PSKDVLVZDVJLYHQWRPXOWLWKUHDGHGFRPSXWDWLRQDOVXSSRUWZKLFKHDUO\RQHPHUJHG
DVDORJLVWLFDOSUHUHTXLVLWHFRQVLGHULQJWKDWHDFKVFHQHH[SORUHGFRPSULVHGRYHUPLOOLRQ
YR[HOVDQGWKHQHHGWRUHSHDWWKHFRPSXWDWLRQVIRUVHULHVRIVRODUSRVLWLRQV

7KHYHU\JRRGDJUHHPHQWEHWZHHQ/L'$5GHULYHGDQGILHOGUHFRUGHGVXQOLJKWFRQGLWLRQVPD\
QRWQHFHVVDULO\KROGZKHQWKHVXQLVORZDERYHWKHKRUL]RQ$WORZVRODUHOHYDWLRQDQJOHVPDQ\
6LOYLODVHU6HSWHPEHU±9DQFRXYHU&DQDGD
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VXQUD\WUDMHFWRULHVLQWHUVHFWH[FOXVLYHO\WKHORZHUSRUWLRQVRIFURZQVZKHUHWKHGHQVLW\RIILOOHG
YR[HOVLVUHGXFHG6LQFHDOOILHOGGDWDZHUHREWDLQHGZLWKLQKRXUVIURPVRODUQRRQWKH
SHUIRUPDQFHRIWKLVPHWKRGFRXOGQRWEHGHWHUPLQHGIRUHDUO\PRUQLQJRUSUHGXVNWLPHV

 
F  
)LJXUHD1DGLUYLHZRIUHWXUQSRLQWFORXGZLWKOLJKWFRORUVUHSUHVHQWLQJKLJKHUUHWXUQHOHYDWLRQE
FRUUHVSRQGLQJQDGLUYLHZRIPRUQLQJVRODULOOXPLQDWLRQFRQGLWLRQVFDOFXODWHGDQGVKRZQLQYR[HOVSDFH
FJURXQGLOOXPLQDWLRQFRQGLWLRQVDVLQEEXWZLWKYHJHWDWLRQQRWVKRZQDQGOLJKWGDUNWRQHV
UHSUHVHQWLQJVXQOLWLQVKDGRZYR[HOVUHVSHFWLYHO\DQGGPHDQVXQOLWLQGH[RIJURXQGYR[HOVIRUDPLG
VXPPHUKRXUSHULRGFHQWHUHGRQVRODUQRRQ

$WLWVSUHVHQWGHYHORSPHQWVWDJHWKHWUDYHUVDORI/L'$5GDWDGHULYHGYR[HOVFHQHVFRQVLGHUV
RQO\GLUHFWVXQOLJKWDQGWUHHFURZQVDUHDVVXPHGWREHRSDTXHREMHFWV$VLWFDQEHVHHQLQ
)LJXUHDWKHVKDGRZRIPRGHOHGFURZQVFDVWRQWKHJURXQGRURQDGMDFHQWFURZQVFRQWDLQVQR
VXQOLWSRUWLRQV7KHVXJJHVWHGDSSURDFKIRUG\QDPLFDOO\GHWHUPLQLQJWKHRSWLPDOYR[HO
UHVROXWLRQRIWKH/L'$5GHULYHGVFHQHVDOVRDLPVDWJHQHUDWLQJRSDTXHFURZQVZLWKRXWDQ\RU
ZLWKPLQLPDORSHQLQJVZLWKLQWKHP6LQFHOLJKWWUDQVPLWWDQFHWKURXJKWKHFDQRSLHVLVQRW\HW
FRQVLGHUHGDOOVXQOLWLQGLFHVFDOFXODWHGODFNWKHGLIIXVHVRODULOOXPLQDWLRQFRPSRQHQW
7KLVOLPLWDWLRQKRZHYHUFDQOLNHO\EHDGGUHVVHGE\GLUHFWLQJWRZDUGVHDFKYLVLEOHIDFHWD
SUHGHILQHGGLVWULEXWLRQRIUHJXODUO\VSDFHGUD\VLQDKHPLVSKHULFDODUUDQJHPHQW7KHUDWLRRI
UD\VWKDWUHDFKWKHIDFHWWRWKHWRWDOZRXOGTXDQWLI\VFHQHRSHQQHVVDURXQGWKHIDFHWDQGVHUYHDV
VXUURJDWHRIGLIIXVHOLJKWLQJFRQGLWLRQV&RQVLGHULQJWKDWVFHQHRSHQQHVVLVQRWVXEMHFWWR
6LOYLODVHU6HSWHPEHU±9DQFRXYHU&DQDGD
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GLXUQDOF\FOHVWKHFRPSXWDWLRQORDGIRUREWDLQLQJERWKGLUHFWDQGGLIIXVHVXQOLJKWLOOXPLQDWLRQ
FRQGLWLRQVFRXOGEHPDQDJHDEOH7KHGLIIXVHLOOXPLQDWLRQFRPSRQHQWFRXOGWKHQEHDGGHGWRWKH
LQGLFHV

2EWDLQLQJDQDGHTXDWHQXPEHURISUHFLVHO\WLPHGDQGJHRUHIHUHQFHGVXQOLJKWDYDLODELOLW\ILHOG
REVHUYDWLRQVLQYDULRXVVWDQGGHQVLW\DQGPRUSKRORJ\FRQGLWLRQVLVDSUHUHTXLVLWHIRUHYDOXDWLQJ
DQGHQKDQFLQJWKHPHWKRGRORJLHVGHVFULEHGEXWDOVRDPDMRUFKDOOHQJH,QDGGLWLRQWRORJLVWLFDO
FRVWLOOXPLQDWLRQFRQGLWLRQVRIWHQFKDQJHWRRUDSLGO\IRUDKXPDQREVHUYLQJDVHOHFWHGQXPEHU
RISRLQWV6PDOOJURXQGVXQVSRWVJHQHUDWHGE\VXQUD\VSURSDJDWLQJWKURXJKFURZQVIOLFNHU
VXEVWDQWLDOO\HYHQZLWKWKHOLJKWHVWZLQG7KHSRLQWREVHUYDWLRQVXVHGLQWKLVVWXG\DUHEHWWHU
VXLWHGWRTXDQWLI\LQJGLUHFWVXQOLJKWLOOXPLQDWLRQZKHUHWKHUHLVDGLVWLQFWERXQGDU\EHWZHHQ
VXQOLWDQGVKDGRZHGDUHDV5HO\LQJRQTXDQWXPVHQVRUVIRUDQLQVWDQWDQHRXVPHDVXUHPHQW
ZRXOGOLNHO\XQGHUHVWLPDWHGLUHFWLOOXPLQDWLRQVLQFHWKHLQVWUXPHQWVDUHGHVLJQHGIRURSHUDWLRQ
GXULQJRYHUFDVWFRQGLWLRQVRQO\$OWHUQDWLYHGDWDFROOHFWLRQVVWUDWHJLHVZRXOGKHQFHQHHGWREH
GHYLVHGIRUPHDVXULQJGLUHFWDQGGLIIXVHLOOXPLQDWLRQFRQGLWLRQVVLPXOWDQHRXVO\

4. Conclusions 

7KLVVWXG\XVHV/L'$5GDWDGHULYHGUHSUHVHQWDWLRQVRIWUHHFURZQVDQGWHUUDLQLQYR[HOVSDFH
DQGUD\WUDFLQJWRHVWLPDWHGLUHFWVXQOLJKWLOOXPLQDWLRQ7KHHIIHFWRIYR[HOUHVROXWLRQLV
LQYHVWLJDWHGXVLQJVLPXODWHGVFHQHVDOVRLQYR[HOVSDFH6XJJHVWLRQVRQKRZYR[HOUHVROXWLRQ
FRQGXFLYHWRXQELDVHGHVWLPDWLRQRILOOXPLQDWLRQFRQGLWLRQVFDQEHFDOFXODWHGDUHRIIHUHG
5HPDUNDEOHDJUHHPHQWEHWZHHQILHOGPHDVXUHPHQWVRIVXQOLJKWDYDLODELOLW\DQGFRUUHVSRQGLQJ
/L'$5GDWDEDVHGHVWLPDWHVZDVREVHUYHG'LVWULEXWHGHVWLPDWHVRIOLJKWWUDQVPLWWDQFHWKRXJKW
FDQRS\RUOLJKWDYDLODELOLW\LQGLIIXVHIRUPDOWKRXJKQRW\HWLPSOHPHQWHGLQYR[HOVSDFHDUH
OLNHO\DWWDLQDEOHDQGZLOOEHLQYHVWLJDWHGLQIXWXUHUHVHDUFK6LQFHWKHLQYHVWLJDWLRQZDV
FRQGXFWHGLQORZWRPHGLXPFDQRS\FRYHUFRQGLWLRQVDQGJHQWOHWHUUDLQDGGLWLRQDO
H[SHULPHQWDWLRQZRXOGEHUHTXLUHGWRGHWHUPLQHWKHDSSURDFK¶VSHUIRUPDQFHLQFORVHFDQRS\
IRUHVWVRULQWKHSUHVHQFHRIVWHHSVORSHV

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Abstract 
 
/LQHDU UHJUHVVLRQ LV SUREDEO\ WKH PRVW H[WHQGHG WHFKQLTXH WR SUHGLFW IRUHVW DWWULEXWHV IURP
$LUERUQH/DVHU 6FDQQHU $/6 GDWD ,W IUHTXHQWO\ KDSSHQV WKDW WKHPRGHO WKDWPLQLPL]HV WKH
UHVLGXDOYDULDQFH7\SHPRGHOYLRODWHVDVVXPSWLRQVDERXWWKHUHVLGXDOVWKDWDOORZFRQWUROOLQJ
WKH FRQGLWLRQDO XQFHUWDLQW\ ,Q VXFK VLWXDWLRQV DULVH D TXHVWLRQ DERXW ZKHWKHU RU QRW LW LV
SUHIHUDEOH WR GLVFDUG WKH7\SH PRGHO DQG VHDUFK IRU D QHZPRGHOZKLFK YHULILHV WKH HQWLUH
DERYHPHQWLRQHGK\SRWKHVLVEXWZLWKDKLJKHUUHVLGXDOYDULDQFH7\SHPRGHOV%\FRQWUROOLQJ
WKHFRQGLWLRQDOYDULDQFHLWLVSRVVLEOHWRUHSRUWXQFHUWDLQW\PHDVXUHVDWSL[HO OHYHODVDFFXUDF\
PDSVZKLFKFDQEHRILQWHUHVWLIGHFLVLRQVDUHLQYROYHGDWSL[HOVFDOH,QWKLVVWXG\ZHDQDO\]HG
WKHGLIIHUHQFHVRIREWDLQLQJHLWKHUUHJUHVVLRQPRGHOVLQZKLFKJOREDODFFXUDF\LVRSWLPL]HGRU
REWDLQLQJPRGHOVLQZKLFKXQFHUWDLQW\LVIXOO\FRQWUROOHGZKHQSUHGLFWLQJEDVDODUHD*VWDQG
GHQVLW\1GRPLQDQWKHLJKW+RPHDQWUHHKHLJKW+PVWDQGLQJYROXPH9 WUHHELRPDVV
%DQGTXDGUDWLFPHDQGLDPHWHU'JIURP$/6GDWD0RGHOVRI7\SHDQGZHUHILWWHGIRU
WKHDERYHPHQWLRQHGYDULDEOHVDQGWKHLUORJDULWKPV7KHILWWLQJZDVUHSHDWHGWLPHVIRUHDFK
YDULDEOHXVLQJVDPSOHVRISORWVWDNHQZLWKUHSODFHPHQWIRUPWKHRULJLQDOVHW7KH506(IRU
PRGHOVRI7\SHIRU*1+R+P9DQG%ZHUH11.43DQG
ORZHUWKDQWKH506(IRUPRGHOVFRQWUROOLQJWKHFRQGLWLRQDOYDULDQFH7\SH
 
1. Introduction 

$WWKHSUHVHQWIRUHVWDWWULEXWHVDUHSUHGLFWHGIURP$LUERUQH/DVHU6FDQQHU$/6LQRSHUDWLRQDO
DSSOLFDWLRQVWKDWJREH\RQGDFDGHPLFRUUHVHDUFKHQYLURQPHQWV0RVWRIWKHDSSOLFDWLRQVRIWKLV
WHFKQRORJ\ WR IRUHVW LQYHQWRU\ KDYH IROORZHG UHJUHVVLRQ EDVHG DSSURDFKHV LQ ZKLFK IRUHVW
DWWULEXWHV DUH SUHGLFWHG IURP$/6GHULYHGPHWULFV 7KLVPHWKRG LV XVXDOO\ UHIHUUHG DV ³$UHD
%DVHG $SSURDFK´ $%$ DQG LW IRFXVHV RQ ILQGLQJ HPSLULFDO UHODWLRQVKLSV EHWZHHQ $/6
GHULYHGSUHGLFWRUVDQGIRUHVWSURSHUWLHV(UGRG\DQG0RVNDO0DOWDPRHWDO$SULO
1 VVHW $QRWKHU W\SH RI DSSURDFK VRPHWLPHV FDOOHG ³,QGLYLGXDO 7UHH$SSURDFK´ KDV
DOVREHHQZLGHO\XVHGZLWKKLJKGHQVLW\$/6GDWD7KLVDSSURDFKLVEDVHGRQILQGLQJWUHHVLQWKH
$/6GDWDDQGXVLQJWKHVHGDWDIRUHVWLPDWLQJWKHPRUHLQWHUHVWLQJSURSHUWLHVRIWKHORFDWHGWUHHV
+LUDWDHWDO)LQDOO\DWKLUGZD\RIGHULYLQJIRUHVWDWWULEXWHVIURP$/6GDWDWKDWIRFXVHV
RQPRGHOLQJWKHSK\VLFDOLQWHUDFWLRQVEHWZHHQWKHIRUHVWFDQRSLHVDQGWKHODVHUSXOVHVKDVDOVR
EHHQHPSOR\HG0RGHO%DVHG$SSURDFK0DJQXVVHQHWDO0HKWDWDORDQG1\EORP
0HKWDWDORDQG1\EORP
6LOYL/DVHU6HSW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7KH DUHD EDVHG DSSURDFK LQ FRPELQDWLRQZLWK OLQHDU UHJUHVVLRQ DQDO\VLV LV SUREDEO\ WKHPRVW
H[WHQGHG WHFKQLTXH 0RVW RI WKH VWXGLHV UHODWLQJ IRUHVW DWWULEXWHV DQG $/6 GDWD XVLQJ WKLV
WHFKQLTXH PLQLPL]H DQG UHSRUW HVWLPDWHV RI WKH PDUJLQDO LH JOREDO XQFHUWDLQW\ RI WKH
SUHGLFWLYHPRGHOV 7\SH PRGHOV ,W IUHTXHQWO\ KDSSHQV WKDW WKHPRGHO WKDWPLQLPL]HV WKH
UHVLGXDOYDULDQFHYLRODWHVDVVXPSWLRQVDERXWWKHUHVLGXDOVWKDWDOORZFRQWUROOLQJWKHFRQGLWLRQDO
LHSL[HOOHYHOXQFHUWDLQW\7KHVHDVVXPSWLRQVDUH

 /LQHDUUHODWLRQVKLSEHWZHHQSUHGLFWRUVDQGUHVSRQVH
 7KHUHVLGXDOVDUHLQGHSHQGHQW
 7KH UHVLGXDOV DUH LLG DQG IROORZ D 1RUPDO GLVWULEXWLRQ ZLWK PHDQ  DQG FRQVWDQW
YDULDQFH

,IWKHK\SRWKHVHVDUHQRWPHWPDUJLQDOXQFHUWDLQW\SURYLGHVOLWWOHLQIRUPDWLRQDERXWFRQGLWLRQDO
XQFHUWDLQW\7KLVIDFWPDNHVLWLPSRVVLEOHWRHVWLPDWHWKHXQFHUWDLQW\IRUVSHFLILFSUHGLFWLRQVDW
SL[HOOHYHO,QVFHQDULRVRIVPDOOVFDOHIRUHVWU\ZKHUHWKHSL[HOVL]HFDQFRQVWLWXWHDWUHDWPHQW
ORJJLQJ RU PDQDJHPHQW XQLW SUHGLFWLRQV DW SL[HO OHYHO PLJKW EH RQH RI WKH LQSXWV WKDW WKH
GHFLVLRQPDNHUZRXOGXVHWRRULHQWWKHSODQQLQJ,QDGGLWLRQDQ\SRWHQWLDOXVHURIWKHSUHGLFWLYH
PDSV ZRXOG H[SHFW GLIIHUHQFHV EHWZHHQ WKH SUHGLFWLRQV DQG VXEVHTXHQW ILHOG PHDVXUHPHQWV
EHLQJLQWKHUDQJHRIWKHUHSRUWHGXQFHUWDLQW\,IWKHDVVXPSWLRQVDUHZURQJVWURQJGLIIHUHQFHV
ZLWK WKH UHSRUWHG XQFHUWDLQW\ FDQ DSSHDU DQG PDNH WKH ILQDO XVHUV ORVH FRQILGHQFH LQ WKH
SURYLGHG PDS 7KLV SUREOHP FDQ EH DFFHQWXDWHG E\ WKH IDFW WKDW LQ PRVW FDVHV GLIIHUHQFHV
EHWZHHQPRGHODQGPHDVXUHPHQWVDUHODUJHUIRUWKHPRVWYDOXDEOHSURGXFWV)RUH[DPSOHZKHQ
SUHGLFWLQJ VWDQGLQJ YROXPH 9 XQFHUWDLQW\ LV XVXDOO\ VPDOO IRU DUHDVZLWK ORZ TXDQWLWLHV RI
ZRRGZKLFK DUHRI ORZPHUFKDQWYDOXHZKLOH WKHVH UHVLGXDOV DUH LQJHQHUDO ODUJH IRU DUHDV
ZLWK ODUJH VWDQGLQJ YROXPHV DQG YDOXH 7KHUHIRUH SURYLGLQJ RQO\ JOREDO HVWLPDWHV RI WKH
XQFHUWDLQW\RIWKHSUHGLFWLYHPRGHOVFDQEHPLVOHDGLQJ$QDSSHDOLQJDLGIRUGHFLVLRQPDNHUVRU
ILQDOXVHUVZRXOGEHWRKDYHSL[HOOHYHOPHDVXUHVRIWKHXQFHUWDLQW\RIWKHSUHGLFWLRQV 

6HYHUDO WHFKQLTXHV VXFK DV WUDQVIRUPDWLRQV RI WKH UHVSRQVH YDULDEOHV RU *HQHUDOL]HG /LQHDU
0RGHOV KDYH EHHQ XVHG WR GHDOZLWK WKH KHWHURJHQHLW\ RI WKH UHVLGXDOV DQGRU WRPHHW RWKHU
DVVXPSWLRQV0DNLQJWUDQVIRUPDWLRQVRIWKHUHVSRQVHYDULDEOHLV WKHPRVWH[WHQGHGWHFKQLTXH
ORJDULWKPLF SRZHU IXQFWLRQ %R[&R[ DQG URRW VTXDUH WUDQVIRUPDWLRQV KDYH EHHQ XVHG LQ
VHYHUDOVWXGLHV1 VVHW1 VVHW$QGHUVHQHWDO*RQ]iOH])HUUHLURHWDO
%\FKDQJLQJWKHVFDOHRIWKHUHVSRQVHYDULDEOHVRPHWLPHVLWLVSRVVLEOHWRILQG7\SHPRGHOV
,QVXFKFDVHVWKHXQFHUWDLQW\ZRXOGEHFRQWUROOHGLQWKHWUDQVIRUPHGVFDOH+RZHYHUIRUFHUWDLQ
WUDQVIRUPDWLRQVLWLVDOVRHDV\WRFRQWUROWKHXQFHUWDLQW\ZKHQWUDQVIRUPLQJEDFNWRWKHRULJLQDO
VFDOH7KDWLVWKHFDVHIRUWKHORJDULWKPLFWUDQVIRUPDWLRQ

:KHQ WKH DVVXPSWLRQV DUH PHW LW LV SRVVLEOH WR REWDLQ FRQILGHQFH LQWHUYDOV IRU SUHGLFWLRQV
ZKLFK DUH FRQGLWLRQDO HVWLPDWHV RI WKH XQFHUWDLQW\ DW SL[HO OHYHO 7KHVH XQFHUWDLQWLHV FDQ EH
UHSRUWHGIRUHDFKSL[HODVORZHUDQGXSSHUOLPLWVRIFRQILGHQFHLQWHUYDOV7KHUHVXOWLVDSDLURI
DQFLOODU\ DFFXUDF\PDSVZKLFK FDQ EH D YDOXDEOH WRRO IRU GHFLVLRQPDNHUV ZKRZLOO XVH WKH
SUHGLFWLRQPDS7KHVHPDSVDUHHDVLHUWRXQGHUVWDQGIRUILQDOXVHUVDQGSURYLGHDJRRGLPDJHRI
WKH SRVVLEOH GLIIHUHQFHV WKDW FDQ EH IRXQG EHWZHHQ PDS DQG IXUWKHU ILHOG PHDVXUHPHQWV
+RZHYHUSL[HOOHYHOHVWLPDWHVRIWKHXQFHUWDLQW\UHTXLUHREWDLQLQJSUHGLFWLYHPRGHOVLQZKLFK
UHVLGXDOVPXVWYHULI\ WKHDERYHPHQWLRQHGK\SRWKHVHV9HULI\LQJ WKHVHK\SRWKHVHVPD\OHDGWR
PRGHOV7\SHPRGHOVLQZKLFKWKHPDUJLQDORUJOREDOXQFHUWDLQW\LVQRWRSWLPL]HG

,QRUGHUWRGHFLGHZKDWW\SHRIPRGHOLVEHWWHUVXLWHGIRUDVSHFLILFSXUSRVHTXHVWLRQVDERXWWKH
WUDGHRIIVRIXVLQJPRGHOVLQZKLFKJOREDODFFXUDF\LVRSWLPL]HGRUPRGHOVLQZKLFKXQFHUWDLQW\
LVIXOO\FRQWUROOHGQHHGWREHDQVZHUHG7KHDLPRIWKLVZRUNLVWRHYDOXDWHWKHORVVHVLQJOREDO
DFFXUDF\ZKHQREWDLQLQJOLQHDUPRGHOVRI7\SHWKDWSHUPLWFRPSXWLQJDFFXUDF\PDSVLQVWHDG
RI SUHGLFWLYH PRGHOV LQ ZKLFK PDUJLQDO XQFHUWDLQW\ LV RSWLPL]HG ZLWKRXW FRQWUROOLQJ WKH
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 3 
FRQGLWLRQDOYDULDQFH7\SH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2. Method 
 
2.1 Study area 
 
7KH VWXG\ DUHD LV D KD3LQXV V\OYHVWULV IRUHVW ORFDWHG LQ*XDGDUUDPD0RXQWDLQV &HQWUDO
6SDLQ$WRWDORIFLUFXODUSORWVRIPUDGLXVZHUHV\VWHPDWLFDOO\GLVWULEXWHGRQWKUHHOLQHV
VWDUWLQJ DW UDQGRPO\ VHOHFWHG ORFDWLRQV FORVH WR SRLQWV ZLWK HDV\ DFFHVV 3ORWV ZHUH
JHRUUHIHUHQFHGXVLQJDSKDVHGLIIHUHQWLDO*36WHFKQLTXH*36*/21$6REVHUYDWLRQVRIOHDVW
PLQXWHVZHUH WDNHQDWHDFKSORWFHQWHUZLWKD ORJJLQJUDWHRIRQHREVHUYDWLRQSHUVHFRQG
GLDPHWHUDWEUHDVWKHLJKW'%+DQGWUHHKHLJKWZHUHPHDVXUHGIRUHYHU\WUHHLQWKHSORW%DVDO
DUHD*VWDQGGHQVLW\1GRPLQDQW+HLJKW+RPHDQWUHHKHLJKW+PDQGTXDGUDWLFPHDQ
GLDPHWHU'JZHUHGLUHFWO\FRPSXWHGIURPWKHILHOGPHDVXUHPHQWV6WDQGLQJYROXPH9DQG
WUHHELRPDVV%ZHUHFRPSXWHGIRUHDFKWUHHXVLQJORFDODOORPHWULFPRGHOVDQGWKHQDJJUHJDWHG
DWSORWOHYHO7KHPRGHOIRU9FRQVLGHUHGWKH'+%DQGWKHWUHHKHLJKWDVH[SODQDWRU\YDULDEOHV
5RMRDQG0RQWHURZKLOHWKHPRGHOIRU%RQO\FRQVLGHUHGWKH'%+0F*DXJKH\ 

2.4 ALS data 

$/6 GDWD ZDV DFTXLUHG LQ  XVLQJ DQ $/6,, VFDQQHU IURP /HLFD *HRV\VWHPV
6ZLW]HUODQG7KH )LHOG RI9LHZZDV  DQG WKH DYHUDJH IO\LQJ DOWLWXGHZDV DSSUR[LPDWHO\
PDERYH WKHJURXQGOHYHO7KHSXOVHUDWHZDVN+]DQGDPD[LPXPRIUHWXUQVSHU
SXOVHZHUH UHFRUGHG )RU HDFK UHWXUQ LQWHQVLW\PHDVXUHPHQWVZHUH UHFRUGHG7KH ILQDO SRLQW
GHQVLW\ZDVKLJKHUWKDQWZRSRLQWVP,UUHJXODULWLHVLQSRLQWGHQVLW\ZHUHUHPRYHGREWDLQLQJD
ILQDODQGKRPRJHQHRXVGHQVLW\RIWZRSRLQWVP$GHWDLOHGGHVFULSWLRQRIWKH$/6GDWDFDQEH
IRXQGLQ9DOEXHQDHWDO

7KH UDZ SRLQW FORXG ZDV FODVVLILHG XVLQJ 7HUUDVFDQ 7HUUDVROLG )LQODG 3RLQWV FODVVLILHG DV
JURXQG SRLQWV ZHUH XVHG WR JHQHUDWH D  P UHVROXWLRQ 'LJLWDO 7HUUDLQ 0RGHO '70 XVLQJ
NULJJLQJ LQWHUSRODWLRQ 7KLV '70 ZDV HPSOR\HG WR QRUPDOL]H WKH SRLQW FORXG +HLJKW DQG
,QWHQVLW\PHWULFV SHUFHQWLOHVPD[LPXPVPLQLPXPVPHDQYDOXHVHWF DQGGHQVLW\PHWULFV
WKH QXPEHU RI ILUVW VHFRQG WKLUG DQG IRXUWK UHWXUQV«ZHUH FRPSXWHG IRU HDFK SORW XVLQJ
)86,21 0F*DXJKH\ 7KHVH YDULDEOHV DQG WKHLU ORJDULWKPV D WRWDO RIYDULDEOHV
ZHUHFRQVLGHUHGDVSRWHQWLDOSUHGLFWRUV

2.3 Model fitting 

7KHQXPEHURISRWHQWLDOSUHGLFWRUVZDVYHU\KLJKIRUWKLVUHDVRQDPHWKRGIRUVHOHFWLQJVLPSOH
HQRXJK PRGHOV ZDV LPSOHPHQWHG LQ 5 7HDP  )RU D UHVSRQVH YDULDEOH WKH SURFHGXUH
VWDUWHG VHOHFWLQJ WKH  VWURQJHVW FRUUHODWHG SUHGLFWRUV:KHQ FRUUHODWLRQ RI DQ\ RI WKHVH 
YDULDEOHVDQGWKHUHVSRQVHZDVQRWVLJQLILFDQWWKHSUHGLFWRUZDVGLVFDUGHG7KHQWKHVHQHZVHW
RIRUOHVVSUHGLFWRUVZDVXVHGLQDVHFRQGVWDJH7KLVVWDJHXVHGWKHPHWKRGleaps()IURPWKH
5SDFNDJHleaps/XPOH\ 7KLVPHWKRGWDNHVDVLQSXWDUHVSRQVH<YDULDEOHDQGDVHWRI
SUHGLFWRUV; ,W SHUIRUPV DQ H[KDXVWLYH VHDUFK IRU WKH EHVW VXEVHWV RI WKH YDULDEOHV LQ; IRU
SUHGLFWLQJWKHUHVSRQVH<XVLQJOLQHDUUHJUHVVLRQ7KHRXWSXWLQWKLVFDVHZDVDOLVWLQZKLFKWKH
EHVW  FRPELQDWLRQV RI YDULDEOHVZDV UHSRUWHG IRU HYHU\ QXPEHU RI SUHGLFWRUV IURP  WR WKH
QXPEHURIYDULDEOHVLQ;'XHWRWKHUHGXFHGVDPSOHVL]HVHWVRIPRUHWKDQYDULDEOHVZHUH
GLVFDUGHG &ROOLQHDULW\ DPRQJ SUHGLFWRUV ZDV WHVWHG LQ WKH UHPDLQLQJ VHW RI FRPELQDWLRQV RI
YDULDEOHVDQG WKRVH LQZKLFK WKHFRQGLWLRQQXPEHUțZHUH ODUJHU WKDQZHUHDOVRUHPRYHG
7KHJURXSVRIYDULDEOHVZHUHVRUWHGDFFRUGLQJ WR WKHLUDGMXVWHGUVTXDUHGDGM5 WRSHQDOL]H
WKH FRPSOH[LW\ RI WKH PRGHOV 7KH UHVXOW RI WKLV SURFHGXUH ZDV D VRUWHG OLVW ZLWK XS WR 
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
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FRPELQDWLRQVRIYDULDEOHV7KH ILUVW JURXSRIYDULDEOHV LQ WKH OLVWZDV FRQVLGHUHG WKHEHVW IRU
UHGXFLQJWKHPDUJLQDOXQFHUWDLQW\DQGGHYHORSLQJPRGHOVRI7\SH)LQDOO\IRUPRGHOVRI7\SH
 DQ DGGLWLRQDO VWHSZDV SHUIRUPHG:H VHDUFKHG LQ WKH SUHYLRXV OLVW IRU WKHPRGHOZLWK WKH
KLJKHVWDGMXVWHGUVTXDUHGWKDWDOVRYHULILHGWKDWUHVLGXDOV

 :HUHQRUPDOO\GLVWULEXWHG
 6KRZHGDFRQVWDQWYDULDQFH
 7KHLUPHDQFRXOGEHFRQVLGHUHG

7KHVH WKUHH K\SRWKHVHV ZHUH UHVSHFWLYHO\ WHVWHG XVLQJ WKH 6KDSLUR:LONV WHVW WKH
%UHXVFK3DJDQ 7HVW DQG WKH VWXGHQWW WHVW 7KH LQGHSHQGHQFH RI WKH UHVLGXDOV ZDV DFFHSWHG
EHIRUHKDQG DV WKH GLVWDQFH EHWZHHQ SORWV ZDV FRQVLGHUHG ODUJH HQRXJK WR DYRLG VSDWLDO
FRUUHODWLRQ7KHILUVWJURXSRIYDULDEOHVWKDWDOVRYHULILHG WKHVHK\SRWKHVHVZDVFRQVLGHUHGWKH
EHVWIRUREWDLQLQJPRGHOVRI7\SH,IQRPRGHORI7\SHZDVIHDVLEOHWKHPHWKRGUHWXUQHGD
VSHFLDO YDOXH IRU VLJQDOLQJ'XH WR WKH UHGXFHG QXPEHU RI SORWV WKH URRWPHDQVTXDUHG HUURU
506( IRU HDFKPRGHO HLWKHU RI7\SH  RU RI7\SHZDV FRPSXWHG E\ OHDYH RQH RXW FURVV
YDOLGDWLRQ/RJDULWKPLFWUDQVIRUPDWLRQVZHUHWDNHQLQWRDFFRXQWEHFDXVHWKHGLVWULEXWLRQRIWKH
UHVLGXDOVZDVHDV\ WRFRQWUROZKHQWUDQVIRUPLQJEDFN WR WKHRULJLQDOVFDOH7KRVHPDJQLWXGHV
IROORZLQJD1RUPDOGLVWULEXWLRQLQWKHORJDULWKPLFVFDOHZRXOGIROORZDORJ1RUPDOGLVWULEXWLRQ
ZKHQ WUDQVIRUPHG EDFN :KHQ FRQVLGHULQJ ORJWUDQVIRUPHG YDULDEOHV WKH ELDV IRU
EDFNWUDQVIRUPHG SUHGLFWLRQV ZDV FRUUHFWHG DV LQ 0RQWHUR HW DO  DQG WKH 506(ZDV
FRPSXWHGLQWKHRULJLQDOVFDOHRIWKHYDULDEOH 
  
0RGHOV RI7\SH  DQG7\SH ZHUH ILWWHG IRU WKH DERYHPHQWLRQHG IRUHVW YDULDEOHV DQG WKHLU
ORJDULWKPVXVLQJ WKHH[SODLQHGPHWKRG7KHUHVXOWZDV LQDJURXSRI IRXUPRGHOV7KH ILWWLQJ
ZDVUHSHDWHGWLPHVIRUHDFKYDULDEOHXVLQJVDPSOHVRISORWVWDNHQZLWKUHSODFHPHQWIURP
WKH RULJLQDO VHW RI SORWV 7KH EHVW PRGHO RI 7\SH  DQG WKH EHVW 0RGHO RI 7\SH  ZKHQ
FRQVLGHULQJERWKWKHRULJLQDOUHVSRQVHVDQGWKHLUWUDQVIRUPDWLRQVZHUHFRPSDUHG7KHUHODWLYH
ORRVHLQ506(RL_RMSEZKHQREWDLQLQJ7\SHPRGHOVZDVFRPSXWHGXVLQJHTXDWLRQ
IRUHDFKLWHUDWLRQ

RL_RMSE =100(1- RMSEb2/ RMSEb1)    (1) 

:KHUH506(EDQG506(EDUHWKH506(RIWKHEHVWPRGHORI7\SHDQG7\SHUHVSHFWLYHO\ 

7KHQXPEHURIWLPHVLQZKLFKLWZDVLPSRVVLEOHWRREWDLQPRGHOVRI7\SHRUPRGHOVRI7\SH
ZDVUHFRUGHGDQGWKHSURSRUWLRQWRWKHWRWDORILWHUDWLRQVZDVFRPSXWHG 

0RGHOVRI7\SHDOORZFRPSXWLQJFRQILGHQFHLQWHUYDOPDSV,IQRWUDQVIRUPDWLRQLVXVHGSL[HO
OHYHOV HVWLPDWHV RI WKHVH LQWHUYDOV FDQ EH FRPSXWHG XVLQJ HTXDWLRQ  ,I D ORJDULWKPLF
WUDQVIRUPDWLRQ LV XVHG WKHERXQGVRI WKH LQWHUYDOV VKRXOGEH WUDQVIRUPHGEDFN WR WKHRULJLQDO
VFDOH

      a_Ö 
2XXXXpntXyy xx      (2) 

:KHUH xx yy Ö LV WKHGLIIHUHQFHEHWZHHQPRGHODQGSUHGLFWLRQDQGDSRVVLEOHILHOGYDOXHQLV
WKH QXPEHU RI REVHUYDWLRQV S LV WKHQXPEHU RI YDULDEOHV LQ WKHPRGHO X  WKH YDOXHV RI WKH
SUHGLFWRUVLQDVSHFLILFSRLQW
 LVWKHUHVLGXDOYDULDQFHDQGVKRXOGEHUHSODFHGE\DQHVWLPDWH
RILWDQG X  LVWKHGHVLJQPDWUL[

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3. Results 
 
506(IRUPRGHOVRI7\SHIRU*1+R+P9DQG%ZHUH11.43
DQGORZHUWKDQWKH506(IRUPRGHOVFRQWUROOLQJWKHFRQGLWLRQDOYDULDQFH7\SH
7DEOH7KHSHUFHQWDJHRI LWHUDWLRQV LQZKLFK LWZDV LPSRVVLEOH WR ILWPRGHOVRI7\SHRU
7\SHLVDOVRVKRZQLQ7DEOH 

)LJXUHVDEFVKRZD7\SHSUHGLFWLRQPDSIRUWKHVWDQGLQJYROXPHWKHFRUUHVSRQGLQJXSSHU
DQGORZHUOLPLWIRUWKHFRQILGHQFHLQWHUYDORIWKHSUHGLFWLRQDWSL[HOOHYHO+DOIRIWKHZLGWKRI
WKH LQWHUYDOV UHODWLYH WR WKHSUHGLFWLRQLVVKRZQLQ)LJXUHG7KHPRGHOVKRZHGDQ5RI
DQGWKH506(ZDVPKD

)LJXUH$3UHGLFWLRQPDSIURP7\SHIRU9%&/RZHUDQGXSSHUOLPLWIRUWKHFRQILGHQFHLQWHUYDO 
RIWKHSUHGLFWLRQV'+DOIZLGWKRIWKHFRQILGHQFHLQWHUYDOUHODWLYHWRWKHSUHGLFWLRQYDOXH




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7DEOH/RRVHVLQ506(ZKHQILWWLQJPRGHOVRI7\SHDQGSHUFHQWDJHRIIDLOVZKHQILWWLQJPRGHOVRI
7\SHDQG7\SH

9DULDEOH 5/B506( )DLOVREWDLQLQJ7\SHPRGHOV
)DLOVREWDLQLQJ
7\SHPRGHOV
* 2.08% 0.00% 0.00% 
1 9.97% 26.40% 31.20% 
+R 2.97% 22.80% 47.60% 
+P 11.43% 0.00% 71.20% 
9 3.80% 0.00% 0.00% 
% 5.20% 0.00% 0.00% 

4. Discussion 

:KHQ PLQLPL]LQJ JOREDO DFFXUDF\ 506( LV UHGXFHG LQ OHVV WKDQ DQ  IRU DQ\ RI WKH
FRQVLGHUHG YDULDEOHV DQG WKLV UHGXFWLRQ LV VPDOOHU WKDQ D  IRU WKH PDMRULW\ RI WKHP
'HYHORSLQJPRGHOV7\SHPD\EHRILQWHUHVWDVRIREWDLQLQJDFFXUDF\PDSVFDQFRPSHQVDWHIRU
WKHVPDOOUHGXFWLRQLQJOREDODFFXUDF\)LWWLQJPRGHOVRI7\SHFDQEHRIOLWWOHLQWHUHVWZKHQWKH
REMHFWLYH LV SURYLGLQJ ODUJH VFDOH HVWLPDWHV RI IRUHVW YDULDEOHV +RZHYHU IRUHVW PDQDJHUV RU
GHFLVLRQPDNHUVPD\UHTXLUHHVWLPDWHVRIYDULDEOHVRILQWHUHVWLQVPDOODUHDV)RUH[DPSOHWKH
DYHUDJHVL]HRIWKHSULYDWHIRUHVWSURSHUW\LQ6SDLQLVYHU\VPDOOEHLQJWKLVPHGLXPVL]HOHVV
KD LQ &DWDOXxD *DOLFLD DQG WKH %DVTXH &RXQWU\ DQG HVWLPDWHV DUH QHHGHG IRU WKRVH VPDOO
SURSHUWLHV,QVXFKFRQGLWLRQVGHFLVLRQVWREHVXSSRUWHGE\HVWLPDWHVIRUDUHDVDVVPDOODVWKH
SORWVFRQVLGHUHGLQWKLVVWXG\ZRXOGEHQHILWIURPDGHHSHUNQRZOHGJHRIWKHXQFHUWDLQW\RIWKH
SUHGLFWLRQV 

*DUFtDHWDOGHYHORSHGPRGHOVRI7\SHIRUHVWLPDWLQJ*19DQG%LQ&XHQFD6SDLQ
$VDSURGXFWIURPWKHPRGHOFRQILGHQFHLQWHUYDOZHUHFRPSXWHGIRUHDFKSL[HO7KHERXQGVRI
WKHVHLQWHUYDOVZHUHUHSRUWHGDVDFFXUDF\PDSVVLPLODUWRWKRVHLQ)LJXUHEDQGF,QWKLVFDVH
WKHHOHFWLRQPRGHOVRI7\SHDQGWKHHODERUDWLRQRIDFFXUDF\PDSVZDVPRWLYDWHGE\WKHDLPRI
SURGXFLQJXQGHUVWDQGDEOHPDSVLQZKLFKWKHXQFHUWDLQW\OLQNHGWRHDFKSL[HORIWKHSUHGLFWLRQ
PDSVZDVFOHDUO\LOOXVWUDWHG 

7KH UHSRUWHG GHFUHDVH LQ 506( FDQ EH FRQVLGHUHG DV D UHIHUHQFH IRU IXWXUH DSSOLFDWLRQV LQ
VLPLODUHQYLURQPHQWV)RUH[DPSOHLQDK\SRWKHWLFDOFDVHRIGHYHORSLQJUHJUHVVLRQPRGHOVIRU
SUHGLFWLQJWKHVWDQGLQJYROXPHLQFORVHDUHDDIWHUREWDLQLQJPRGHOVRI7\SHRQHFDQJXHVVLI
REWDLQLQJ PRGHO RI 7\SH  ZRXOG SURYRNH DQ LPSRUWDQW GHFUHDVH LQ DFFXUDF\ 7KH H[SHFWHG
LQFUHDVHLQ506(ZRXOGEHDZKLFKVHHPVWREHUHDVRQDEO\VPDOO

7KHPRGHO XVHG DV DQ H[DPSOH IRU )LJXUH  KDG DQ506( DQG DQ5VLPLODU WR WKRVH LQ WKH
PRGHO IRXQGE\*RQ]iOH])HUUHLURHWDOIRUPinus radiata(YHQ WKRXJKWKH506(DQG
WKH5DUHUHODWLYHO\KLJKGLIIHUHQFHVEHWZHHQSUHGLFWLRQDQGREVHUYHGYDOXHVREVHUYHGYDOXHV
DUHOLNHO\WREHODUJHUWKDQDRIWKHSUHGLFWHGYDOXHV)LJXUHG,IWKLVPDSZDVXVHGIRU
SODQQLQJIRUHVWRSHUDWLRQDWDODUJHVFDOHWKHVHHUURUVZRXOGEHDYHUDJHGDQGWKHLPSDFWRIWKH
XQFHUWDLQW\ DW SL[HO OHYHOZRXOGEHVPDOO+RZHYHU LI WKHSODQQLQJ VFDOH LV VPDOO DUHDVRID
VPDOO JURXS RI SL[HOV IRU H[DPSOH KD WKH IRUHVW PDQDJHU VKRXOG WDNH LQ DFFRXQW WKH
XQFHUWDLQW\PDSVDVWKHGLIIHUHQFHVEHWZHHQILHOGYDOXHVDQSUHGLFWLRQVFDQEHKLJK

5. Conclusion 
 
$FFXUDF\PDSVDUHDQXQGHUVWDQGDEOHZD\WRFRPPXQLFDWHWKHXQFHUWDLQW\RISUHGLFWLYH
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PRGHOV DQG WKH\ IDFLOLWDWH D FRUUHFW LQWHUSUHWDWLRQ RI SUHGLFWLYH PDSV E\ ILQDO XVHUV
5HSRUWLQJWKHDFFXUDF\RIDSUHGLFWLYHPDSFDQEHDYHU\YDOXDEOHIRUVPDOOVFDOHIRUHVW
SODQQLQJ DV WKH LQIRUPDWLRQ SURYLGHG E\ WKH DFFXUDF\ PDSV FDQ FRPSHQVDWH IRU WKH
GHFUHDVHLQJOREDODFFXUDF\
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
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Mapping and Managing the Fuzzy Forest
*QWKHU%URQQHU
8PZHOWGDWD*PE+0|GOLQJ$XVWULDJEURQQHU#XPZHOWGDWDDW
3DSHU,'6/
 Introduction
)RUHVW0DQDJHPHQW3ODQV)03DUHFRPSRVHGIURPWDEOHVPDSVDQGUHSRUWV0DSSLQJWKHIRUHVW
XVXDOO\PHDQVWRVHJPHQWWKHIRUHVWDUHDLQWRYHFWRUSRO\JRQVLQRUGHUWRJHWFRUUHVSRQGLQJXQLWVLQ
ERWKPDSVDQGWDEOHV$VHJPHQWHGXQLWµVXEGHSDUWPHQW¶VKRXOGEHKRPRJHQHRXVLQGHVFULSWLRQLW
VKRXOGEHDSSURSULDWHIRUPDQDJHPHQWDVZHOO,Q$XVWULDWKHWUDGLWLRQRIGUDZLQJOLQHVRQIRUHVWODQG
WRVHSDUDWHGLIIHUHQWVWDQGVJRHVEDFNWRWKHURRWVRI)RUHVW0DQDJHPHQW3ODQQLQJLQWKHWKFHQWXU\



)LJXUH'HWDLOIURPDIRUHVWPDSIURP*UXQGOVHH$XVWULDFRORUHGLQNGUDZLQJ

6HJPHQWLQJWKHIRUHVWODQGLQWRVXEGHSDUWPHQWVFDPHDORQJZLWKDFOHDUFXWKDUYHVWLQJVWUDWHJ\$IWHU
FOHDUFXWWLQJDQDUHDIROORZHGE\UHIRUHVWDWLRQWKHDUHDZDVGHILQLWHO\KRPRJHQHRXVUHJDUGLQJDJH
DQGWUHHVSHFLHV$QHYHQDJHGIRUHVWLVHDV\WRGHVFULEH6LQFHGHFDGHVWKHSUHIHUUHGW\SHRIIRUHVW
PDSVLQ$XVWULDVKRZV\HDUDJHFODVVHV7KLVNLQGRIJHQHUDOL]DWLRQZDVZHOFRPHEXWLWFRPHVWR
LWVOLPLWV
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)LJXUH'HWDLOIURPDWUDGLWLRQDOIRUHVWPDS*UXQGOVHH$XVWULDEODFNSULQWLQNFRORUHG


)LJXUH'HWDLOIURPDQDFWXDO*,6GHVLJQHGPDSVKRZLQJDJHFODVVHVDQGDFDQRS\VKDGHGUHOLHI
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD


Canopy  
elevation (m)  

:LWKLQDOOSURSHUWLHVRIIRUHVWDUHDVDJHFODVVDQGWUHHVSHFLHVDUHWKHRQO\RQHVWKDWFRXOGEHLQGLFDWHG
DVGLVFUHWHZKLOHUHOLHIJHRORJ\WUHHKHLJKWVJURZWKUDWHVGHQVLW\VWRFNYROXPHWKH\DOOFKDQJH
FRQWLQXRXVO\LQPRVWFDVHV$IWHUVRPHGHFDGHVRIQDWXUHQHDUVHOHFWLRQIHOOLQJPHWKRGVHYHQDJHDQG
VSHFLHVRIWUHHVKDYHEHFRPHDWWULEXWHVZLWKVPRRWKWUDQVLWLRQFuzzyForest ZLOOEHP\WHUPIRUWKRVH
IRUHVWDUHDVZKLFKUHVLVWDQ\DWWHPSWRIDUHDVRQDEOHVHJPHQWDWLRQ
,Q)LJXUHDQGWKHGLIIHUHQFHFDQEHUHDOL]HGHYHQDJHGIRUHVWZLWKVHJPHQWDWLRQLQWR
VXEGHSDUWPHQWVDQGXQHYHQDJHGIRUHVWZKHUHVHJPHQWDWLRQGRHVQRWDQ\PRUHPDNHVHQVH%RWK
PDSVVKRZDVKDGHGUHOLHIRIWKHFDQRS\ZLWKFRORUVIURPWKHFDQRS\HOHYDWLRQDQGWKHOLQHVIRU
VHJPHQWDWLRQ,QILJXUHWKHIRUPHUVHJPHQWDWLRQOLQHVDUHTXLHWDUELWUDU\PRVWRIWKHPFDQQRWEH
LGHQWLILHGLQWKHIRUHVW
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
)LJXUHIXVLRQRIVKDGHGUHOLHIZLWKFRORUVIURPFDQRS\HOHYDWLRQLQDQHYHQDJHGIRUHVWRIQRUZD\VSUXFH
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)LJXUHIXVLRQRIVKDGHGUHOLHIZLWKFRORUVIURPFDQRS\HOHYDWLRQLQDQXQHYHQDJHGIRUHVWRIQRUZD\VSUXFH
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD


'DWDIURP$LUERUQH/DVHU6FDQQLQJ$/6DOORZQHZPHWKRGVRIPDSSLQJDQGWKH\ZLOOFKDQJHWKH
WUDGLWLRQDOZD\VRIPDQDJHPHQW,QRUGHUWRGHYHORSPDSSLQJPHWKRGVDQGPDQDJLQJWHFKQLTXHV
DSSOLFDEOHWR)X]]\)RUHVWVWKHVWDUWLQJSRVLWLRQZLOOEHVXPPDUL]HGOLNHWKLV
 $IRUHVWUDQJHUUXQQLQJWKHGD\WRGD\EXVLQHVVLQIRUHVWU\QHHGVVLJQLILFDQWPDSVVKRZLQJ
PDQDJHDEOHXQLWV,Q$XVWULDWKRVHXQLWVDUHXVXDOO\WRKHFWDUHVODUJH
 8SWRQRZVHJPHQWDWLRQRIIRUHVWDUHDVLQWRKRPRJHQHRXVVXEGHSDUWPHQWVSURYLGHGVXFK
PDQDJHDEOHXQLWV
 ,QXQHYHQDJHGIRUHVWDUHDVVHJPHQWDWLRQZLOOQRWSURGXFHVXLWDEOHUHVXOWVWKHDSSOLFDWLRQRIKLJK
VRSKLVWLFDWHGVHJPHQWDWLRQWRROVRQ$/6GDWDOLNHHFRQLWLRQZLOOQRWFKDQJHWKLVLQVLJKW7KH
UHVXOWLQJVHJPHQWDWLRQOLQHVFDQRIWHQQRWEHLGHQWLILHGLQWKHQDWXUH
 )RUHVWUDQJHUVSUHIHUDUHXVHGWRJHQHUDOL]HGPDSVDQGVRPHEDVLFILJXUHVRISODQQLQJ
KDUYHVWLQJXQLWVOLNHDQHVWLPDWHGVWRFNYROXPHJURZWKUDWHVDJHDQGVSHFLHVRIWUHHV
 *ULGEDVHGLQYHQWRU\PHWKRGVSURYLGHWKRVHILJXUHVIRUODUJHUXQLWVZLWKKLJKDFFXUDF\
 $/6EDVHGPHWKRGVPD\SURYLGHILJXUHVIRUVPDOOHUORFDOXQLWVZLWKDGHTXDWHDFFXUDF\
 $/6GDWDDOORZQHZPDSSLQJPHWKRGVWKDWFRXOGPHHWWKHUHTXLUHPHQWVRIIRUHVWUDQJHUVDQG
WKHUHE\UHSODFHWKHEHORYHGDJHFODVVPDSV
 7DEOHW3&¶VFRXOGSURYLGHPXOWLSOHPDSVDVZHOODVSODQQLQJILJXUHVIURPSUHSURFHVVHG$/6GDWD
LQWHUDFWLYHO\
 ,Q$XVWULD$/6GDWDZLOOFRYHUWKHZKROHFRXQWU\E\WKHHQGRI
 '60IURPSKRWRJUDPPHWU\ZLOOEHDYDLODEOHHYHU\\HDUV
 0XOWLWHPSRUDO'60¶VZLOODOORZDFFXUDWHPRQLWRULQJPHWKRGVIRUIRUHVWJURZWKDQGIHOOLQJ
DFWLYLWLHV
2 Operating figures describing manageable forest units 
8PZHOWGDWDLVQRWDUHVHDUFKLQVWLWXWH:HRIIHUVHUYLFHVLQWKHILHOGRI)03*,6DQG5HPRWH6HQVLQJ
56:HDUHWU\LQJWRDSSO\QHZPHWKRGVLQRUGHUWR
REWDLQEHWWHUUHVXOWVPRUHVLJQLILFDQWPRUHDFFXUDWH
SURYLGHIDVWHUGHOLYHU\WRRXUFXVWRPHUV
PLQLPL]HWKHFRVWV
,QDQ\FDVHZHDUHGULYHQE\WKHQHHGVRIRXUFXVWRPHUV7KH\ZDQWWRJHWRSHUDWLQJILJXUHVGHVFULELQJ
PDQDJHDEOHIRUHVWXQLWVLQRUGHUWRUXQWKHLUGDLO\EXVLQHVV$QGWKHLUIRUHVWDUHDVORRNOLNH
)X]]\)RUHVWVLQPDQ\FDVHV
7DEOH&RPPRQO\XVHGSURSHUWLHVGHVFULELQJIRUHVWVWDQGVVXEGHSDUWPHQWV
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD


,QWDEOHWKHOLVWHGUHOLDELOLW\LVDURXJKHVWLPDWLRQEDVHGRQQDWLRQZLGHDYDLODEOH$/6GDWDZLWK
SXOVHVSHUPDQGWKHPHWKRGVPDLQO\SXEOLVKHGE\0DUNXV+ROODXV+ROODXVHWDO
,QWKHFDVHRIWUHHVSHFLHV,UHIHUWRSURPLVLQJUHVXOWVZLWK:RUOG9LHZGDWD,PPLW]HUHWDO
,IGDWDRULJLQDWLQJIURPDJULGEDVHGLQYHQWRU\LVDYDLODEOHZHXVHLWWRFDOLEUDWHWKHUHVXOWVIURP56
'XULQJWKHLQYHQWRU\ILHOGZRUNZHSXWDKLJKHIIRUWLQWR*36PHDVXUHPHQWVRQWKHVDPSOHSORWVLQ
RUGHUWRFRUHIHUHQFHLQYHQWRU\ZLWK56GDWDSURSHUO\

7KHPRVWLPSRUWDQWILJXUHV+6976&&6'DUHFRPELQHGLQWRDFRQWLQXRXVUDVWHUPRGHO:H
SURSRVHDJURXQGUHVROXWLRQRIPHWHUVPHWHUVRUPHWHUVZRXOGEHVXLWDEOHDVZHOO0RVWILJXUHV
DUHVPRRWKHGE\IRFDOIXQFWLRQVZLWKIRFDOUDGLXVHVRIWRPHWHUV6RPHWLPHVWKHUHVXOWVUHIHUDV
PHDQYDOXHVWRH[LVWLQJYHFWRUSRO\JRQVOLNHVXEGHSDUWPHQWVRUODQGSDUFHOV
3 Maps supporting forest management 
8QWLOWKHSUROLIHUDWLRQRI*,6LQIRUHVWU\IRUHVWPDQDJHUVKDGWREHVDWLVILHGZLWKRQHVLQJOHW\SHRI
WKHPDWLFPDS,Q$XVWULDWKLVPDSVFDOHVKRZHGDJHFODVVHVLQPRVWFDVHVVRPHWLPHV
RUWKRLPDJHV7KHGLYHUVLW\RIWKHPHVFRPLQJIURP$/6FKDVHGXVLQWRPXOWLSOHPDSERRNVZLWKWZR
VRPHWLPHVIRXURUHYHQVL[GLIIHUHQWVXEMHFWVFRPELQHGLQWRRQHYROXPH6RPHH[DPSOHVDUH
SUHVHQWHGLQILJXUHVWR
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IXVLRQRIFDQRS\VKDGHGUHOLHIZLWKJHQHUDOL]HGWUHHKHLJKWFODVVHV

)LJXUH6WRFNYROXPHHVWLPDWLRQFRPELQHGZLWKODQGSDUFHOV
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)LJXUH6WRFNGHQVLW\GHSHQGHQWIURPWUHHKHLJKWDVLQGLFDWRUIRUWKLQQLQJSULRULW\

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
4 Prospects: future planning processes 
6SHF¶VIRUWKHXOWLPDWHSODQQLQJWRROLQ)X]]\)RUHVWV
 5XQQLQJDXWRQRPRXVO\RQDWDEOHW3&ZLWKRXWLQWHUQHWDFFHVV
 5HSOLFDWLQJDXWRPDWLFDOO\WRDFHQWUDOVHUYHULILQWHUQHWDFFHVVLVDYDLODEOH
 $FFHVVLQJLQWHUDFWLYHO\WRDFRQWLQXRXVUDVWHUPRGHOVRIWKHIRUHVW
 &DOFXODWLQJH[SHFWHGWLPEHUYROXPH
 *LYLQJIHHGEDFNE\VXVWDLQDELOLW\LQGLFHV
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Operational forest inventory and planning using airborne LiDAR in 
Tasmania, Australia 

'U5REHUW0XVN7LPRWK\2VERUQ	'DYLG0DQQHV 
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)RUHVWU\7DVPDQLDGDYLGPDQQHV#IRUHVWU\WDVFRPDX

3DSHU1XPEHU6/ 

1. Introduction 

6PDOO IRRWSULQW DLUERUQH/L'$5 V\VWHPV JHQHUDWH KLJK UHVROXWLRQ SRLQW FORXGV WKDW UHSUHVHQW WKUHH
GLPHQVLRQDOIRUHVWFDQRS\VWUXFWXUHDQGVRPD\EHXVHGWRLQIRUPIRUHVWLQYHQWRULHVHJ(YDQVHWDO
/HIVN\HW DO /LPHW DO 0DJQXVVHQ	%RXGHZ\Q0DOWDPRHWDO 
1 VVHWD1 VVHWE1 VVHW1HOVRQHWDO5HXWHEXFKHWDO5LWFKLHHW
DO  )RUHVWU\ 7DVPDQLD DV WKH DJHQF\ UHVSRQVLEOH IRU WKH PDQDJHPHQW RI 7DVPDQLDQ VWDWH
IRUHVWVKDVFRPPHQFHGDFTXLVLWLRQRIVPDOOIRRWSULQWGLVFUHWHUHWXUQ/L'$5GDWDRYHULWVHQWLUHHVWDWH
$PRQJVW VHYHUDO RWKHU REMHFWLYHV WKH RUJDQLVDWLRQ VHHNV WR LPSURYH WKH SUHFLVLRQ RI LWV ZRRG
LQYHQWRU\XVLQJWKLVGDWDVHW(PEHGGHGZLWKLQWKHHVWDWHLVDSODQWDWLRQUHVRXUFHRIEucalyptus nitens
DQGE. globulus FRYHULQJ  +HFWDUHV WKDW LV SUHGRPLQDQWO\PDQDJHG IRU D KLJK YDOXH VDZORJ
\LHOG0RVWRIWKLVSODQWDWLRQFRPSULVHVILUVWURWDWLRQSODQWLQJVRQVLWHVIRUPHUO\FDUU\LQJQDWLYHIRUHVW
7KH VSDWLDO YDULDELOLW\ LQ VWDQG FRQGLWLRQ DQGZRRG\ZHHG ORDG LV YHU\ KLJK DV LV WKH GHPDQG IRU
SUHFLVHZRRGLQYHQWRU\7KLVZRUNIROORZV WKDWRIQXPHURXVRWKHUVLQGHULYLQJUDVWHUEDVHG/L'$5
YDULDEOHV VXFK DV KHLJKW TXDQWLOHV DQG SURSRUWLRQRI UHWXUQV IURPZLWKLQ RU EHORZ VSHFLILF KHLJKW
FODVVHV ZKLFK DUH WKHQ XVHG WR GHYHORS D PRGHO WR LPSXWH DQG PDS VWDQG FKDUDFWHULVWLFV LQ WKH
SODQWDWLRQUHVRXUFH&DUHIXODSSOLFDWLRQRIIHDWXUHVHOHFWLRQSURFHGXUHVLVHPSOR\HGWRHQVXUHPRGHO
UREXVWQHVV7KHODUJHDPRXQWRIGDWDWKDWWKHLQYHQWRU\SURGXFHVKDVOHGXVWRGHYHORSDQHZVRIWZDUH
WRRO IRU XVH E\ IRUHVW SODQQHUV WKDW DOORZV WKHP WR DFFHVV DQG TXHU\ WKH GDWD ,WV XVH KDV OHG WR
LPSURYHGRSHUDWLRQDOSODQQLQJRXWFRPHV

2. Methods 
 
2.1 Study area 
 
7KH VWXG\ DUHD FRPSULVHV )RUHVWU\ 7DVPDQLD¶V HXFDO\SW KDUGZRRG SODQWDWLRQ HVWDWH FRYHULQJ
DSSUR[LPDWHO\+DLQWKHHDVWRI7DVPDQLDFHQWUHGDERXW6()LJXUHSUHVHQWVDPDS
RI7DVPDQLDVKRZLQJWKHH[WHQWRIWKH6WDWH)RUHVWPDQDJHGE\)RUHVWU\7DVPDQLDDQGWKHSODQWDWLRQ
UHVRXUFHHPEHGGHGZLWKLQLW7RGDWHWKH/L'$5FRYHUDJHH[WHQGVWKURXJKRXWWKHHDVWDQGVRXWKRI
WKHHVWDWHSLFWXUHG7KHVHSODQWDWLRQVDUHPDQDJHGIRUDYDULHW\RIKDUYHVWSURGXFWVEXWWKHSULQFLSOH
DLPLVWRSURGXFHKLJKYDOXHSUXQHGVROLGZRRG7RWKLVHQGPRVWVWDQGVDUHPDQDJHGRYHUD
\HDUURWDWLRQZLWKWKUHHSUXQLQJOLIWVRQVHOHFWHGWUHHVDQGDVLQJOHWKLQQLQJRSHUDWLRQEHWZHHQDQG
\HDUVRIDJH0DQDJHPHQWGHFLVLRQVUHJDUGLQJWKHVFKHGXOLQJDQGZLWKLQFRPSDUWPHQWH[WHQWRI
SUXQLQJWKLQQLQJDQGKDUYHVWLQJRSHUDWLRQVUHO\RQDFFHVVWRSUHFLVHVWDQGLQIRUPDWLRQ

2.2 Field data 
 
)LHOGSORWVZHUHHVWDEOLVKHGXVLQJDVWUDWLILHGUDQGRPVDPSOLQJVFKHPDDFURVVWKHFRPSRQHQWRIWKH
SODQWDWLRQHXFDO\SWHVWDWHZLWKLQWKH/L'$5GDWDFDSWXUHERXQGDU\IRUWKHVXPPHUFDPSDLJQVIURP
WR1 &RPSDUWPHQWDJHIRUPHGWKHEDVLVRIWKHVWUDWD7KHPHDQWLPH
GLIIHUHQFHEHWZHHQILHOGSORWPHDVXUHPHQWDQG/,'$5GDWDFDSWXUHZDVPRQWKV7KHPD[LPXP
WLPHGLIIHUHQFHZDVPRQWKV)LHOGSORWVZHUH FLUFXODUZLWKDP UDGLXV P)LHOGSORW
FHQWUHVZHUHJHRORFDWHGXVLQJD7ULPEOH3UR;5*36XQLW$WOHDVW*36SRLQWVZHUHUHFRUGHGDW
HDFK SORW DQG WKHVH ZHUH GLIIHUHQWLDOO\ FRUUHFWHG LQ D SRVW SURFHVVLQJ VWHS WKDW HQVXUHG VXEPHWUH
SODQLPHWULFVWDQGDUGHUURUV2QHDFKILHOGSORWWKHPDJQHWLFEHDULQJDQGKRUL]RQWDOGLVWDQFHWRDOOWUHHV
ZLWKVWHPRYHUEDUNGLDPHWHUDWPDERYHJURXQG'%+RYHUFPZDVUHFRUGHG7KHWUHHVSHFLHV
WRWDOKHLJKW7+DQG'%+RIDOOWUHHVRYHUFPZHUHUHFRUGHG$OOWUHH'%+ZHUHPHDVXUHGXVLQJ
GLDPHWHU WDSHV $ 9HUWH[ XOWUDVRQLF K\SVRPHWHU ZDV XVHG WR PHDVXUH WRWDO WUHH KHLJKWV DQG WUHH
GLVWDQFHVIURPWKHSORWFHQWUH2FXODUHVWLPDWHVRIDYHUDJHFDQRS\KHLJKWDQGSHUFHQWDJHFDQRS\FRYHU
IRUDOOXQGHUVWRU\VSHFLHVZLWKHVWLPDWHGFDQRS\FRYHURYHUZHUHDOVRUHFRUGHG7KUHHSKRWRVZHUH
WDNHQIURPWKHSORWFHQWUHIDFLQJQRUWKVRXWKDQGYHUWLFDOO\7KHVHSURYLGHGDTXDOLWDWLYHUHFRUGRIILHOG
SORWFRQGLWLRQV

0HDQGRPLQDQWKHLJKW0'+ZDVHVWLPDWHGDVWKHZHLJKWHGDYHUDJHRIILHOGPHDVXUHGWUHHKHLJKWV
WDOOHVWWUHHV+D%DUNWKLFNQHVVZDVHVWLPDWHGIURPXQSXEOLVKHG)RUHVWU\7DVPDQLDPRGHOV%DVDO
DUHDZDVFDOFXODWHGXVLQJXQGHUEDUN'%+DQGVWRFNLQJ63+ 

2.2 LiDAR data 

$$0 DFTXLUHG WKH /L'$5 GDWD GXULQJ WKH VXPPHU PRQWKV RI  WR  XVLQJ DQ
2SWHFK*HPLQLGLVFUHWHUHWXUQVFDQQHU7KHPD[LPXPVFDQDQJOHZDVVHWDWIURPQDGLUDQGWKH
PLQLPXPSRLQWGHQVLW\ZDVSRLQWVSHUVTXDUHPHWHUV8SWR IRXUUHWXUQVZHUHUHFRUGHGSHU
SXOVH7KHGDWDZHUHFODVVLILHGDVJURXQGRUQRQJURXQGXVLQJSURSULHWDU\DOJRULWKPVDQGGHOLYHUHGLQ
/$6  IRUPDW (DFK /$6 ILOH FRPSULVHG D îPHWUH WLOH ZLWK D PHWUH RYHUODS WR WLOHV
DGMDFHQW9HJHWDWLRQKHLJKWZDVFDOFXODWHGDIWHULQWHUSRODWLQJDPHWUHUHVROXWLRQGLJLWDOWHUUDLQPRGHO
IURPWKHJURXQGFODVVLILHGUHWXUQVXVLQJDPXOWLOHYHO%VSOLQH/HHHWDO 

/L'$5UHWXUQVZLWKDPHWUHEXIIHUWKDWZHUHVSDWLDOO\FRLQFLGHQWWRWKHILHOGSORWVZHUHH[WUDFWHG
IURPWKHGHOLYHUHGGDWDDQGUDQJHRIFDQGLGDWHSUHGLFWRUYDULDEOHV WKHQFDOFXODWHGE\PHDQVRI WZR
VHSDUDWH SURFHVVHV ,Q WKH ILUVW SURFHVV WKH UHWXUQV ZHUH FOLSSHG WR WKH H[WHQWV RI WKH ILHOG SORW
ERXQGDULHV DQG QXPHURXV JULGEDVHG FDQGLGDWH SUHGLFWRU YDULDEOHV ZHUH WKHQ H[WUDFWHG 7KHVH
FRPSULVHG SHUFHQWLOHV DQGPRPHQWV RI ERWK YHJHWDWLRQ KHLJKW DQG LQWHQVLW\ SURSRUWLRQV RI UHWXUQV
ZLWKLQYHJHWDWLRQKHLJKWDQGLQWHQVLW\VWUDWDGHILQHGLQERWKDEVROXWHDQGUHODWLYHWHUPV,QWKHVHFRQG
SURFHVV D PHWUH UHVROXWLRQ FDQRS\ KHLJKWPRGHO &+0ZDV LQWHUSRODWHG IURP WKH YHJHWDWLRQ
KHLJKWGDWDIRUHDFKILHOGSORW7KH&+0VZHUHWKHQFOLSSHGWRWKHH[WHQWVRIWKHILHOGSORWERXQGDULHV
DQGHTXLYDOHQWSL[HOUDWKHUWKDQUHWXUQPHWULFVZHUHWKHQFDOFXODWHG

$ FRPSOHWH OLVW RI WKH FDQGLGDWH SUHGLFWRU YDULDEOHV GHULYHG WKURXJK WKHVH WZR SURFHVVLQJ VWHSV
DSSHDUV LQTable 1 of the Appendix 6HYHUDO SRWHQWLDO SUHGLFWRUV ZHUH QRW XVHG LQ WKLV VWXG\ ,Q
SDUWLFXODU WKH WLPLQJDQG LQWHQVLW\RIDQ\SUXQLQJDQGRU WKLQQLQJRSHUDWLRQVZDV LJQRUHGVLQFH WKH
VSDWLDODFFXUDF\RIRSHUDWLRQDOERXQGDULHVLVQRWVXIILFLHQWIRUKLJKUHVROXWLRQPDSSLQJSXUSRVHV,Q
WRWDOFDQGLGDWHSUHGLFWRUYDULDEOHVZHUHDYDLODEOHIRUPRGHOOLQJ

2.3 Modelling strategy 
 
2XU WDVNZDV WR LPSXWH WKH WUHH OLVWV REWDLQHG LQ WKH ILHOGREVHUYDWLRQV IURP WKH/L'$5GDWD2QH
FRQVHTXHQFHRIGHULYLQJVXFKDODUJHOLVWRIFDQGLGDWHH[SODQDWRU\YDULDEOHVIURPWKH/L'$5GDWDLV
WKDWLWLVOLNHO\WRFRQWDLQQXPHURXVVSXULRXVYDULDEOHV,QRUGHUWRLGHQWLI\WKHEHVWSUHGLFWRUYDULDEOHV
WKHLPSXWDWLRQZDVDFKLHYHGLQDWZRVWDJHSURFHVV 

,Q WKH ILUVW VWDJH D IHDWXUH VHOHFWLRQ SURFHGXUH ZDV DSSOLHG WR LGHQWLI\ WKH FDQGLGDWH H[SODQDWRU\
YDULDEOHVIURPWKH/L'$5GDWDVHWWKDWZHUHPRVWOLNHO\WRKDYHUHVSRQGHGWRWKHILHOGREVHUYHGGDWD
7KLVIHDWXUHVHOHFWLRQSURFHGXUHHQWDLOHGPRGHOOLQJDUDQJHRIVHSDUDWHFRQWLQXRXVUHVSRQVHYDULDEOHV
GHULYHGIURPWKHWUHH OLVWVXVLQJ WZRGDWDPLQLQJ WHFKQLTXHVWUHHEDJJLQJ3HWHUVHWDODQG
UDQGRP IRUHVWV %UHLPDQ  7KH SHUIRUPDQFH RI WKH PRGHOV ZDV LQVSHFWHG :KHUH PRGHOV
GHPRQVWUDWHG HIILFDF\ LQ GHVFULELQJ WKH FRQWLQXRXV UHVSRQVH YDULDEOHV WKH OLVW RI H[SODQDWRU\
YDULDEOHVFRQWULEXWLQJWRWKHPRGHOZDVUHFRUGHG

+DYLQJ JHQHUDWHG D UHGXFHG OLVW RI FDQGLGDWH YDULDEOHV WKURXJK WKH IHDWXUH VHOHFWLRQ SURFHGXUHZH
WKHQXQGHUWRRNDIRUZDUGVWHSZLVHPRGHOEXLOGLQJDSSURDFKWRLGHQWLI\DVHWRIFDQGLGDWHLPSXWDWLRQ
PRGHOV7KH GDWDZDV UDQGRPO\ VSOLW LQWR ILW 1   DQGSUHGLFWLRQ VHWV 1  7KH UDQGRP
IRUHVWV DOJRULWKPZDV XVHG WR LPSXWH WKH ILHOG SORWV 7KLV SURFHVVZDV UHSHDWHGZLWK UDQGRP GDWD
VSOLWVWLPHVWRJHQHUDWHFDQGLGDWHLPSXWDWLRQPRGHOV7KHVHFDQGLGDWHPRGHOVZHUHDVVHVVHG
LQWHUPVRIWKHLUSHUIRUPDQFHLQSUHGLFWLQJWKHFRQWLQXRXVUHVSRQVHYDULDEOHVGHVFULEHGDERYHXVLQJD
VXEVHTXHQWIROGFURVVYDOLGDWLRQPRGHOUHILW:HXVHGIRXUFULWHULDIRUPRGHODVVHVVPHQW 

0HDQGHYLDWLRQRIWKHUHVLGXDOVDPHDVXUHRIELDVZDVGHILQHGE\
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$OO FDQGLGDWH SUHGLFWRU YDULDEOHV WRJHWKHU ZLWK DQ LPSXWHG SORW LGHQWLILHU VHOHFWHG LQ WKH RSWLPDO
LPSXWDWLRQPRGHOZHUHWKHQGHULYHGRYHUWKHVWXG\DUHDDWDPHWUHFHOOUHVROXWLRQ

$OO/L'$5SURFHVVLQJDQGPRGHOOLQJZRUNZDVXQGHUWDNHQXVLQJRSHQVRXUFHVRIWZDUH7KHSULQFLSOH
VRIWZDUHWRROXVHGZDVWKH5ODQJXDJHDQGHQYLURQPHQW5'HYHORSPHQW&RUH7HDPZLWKWKH
DGGLWLRQDO SDFNDJHV VS 3HEHVPD DQG %LYDQG  %LYDQG 3HEHVPD DQG *RPH]5XELR 
0%$ )LQOH\ DQG %DQHUMHH  GDWDWDEOH 'RZOH DQG 6KRUW  PRPHQWV .RPVWD DQG
1RYRPHVWN\ UJGDO .HLWWHWDOFDUHW .XKQHWDO LSUHG 3HWHUVDQG+RWKRUQ
 \D,PSXWH &URRNVWRQ DQG )LQOH\  IRUHDFK 5HYROXWLRQ $QDO\WLFV  DQG GR5HGLV
/HZLV7KHKLJKFRPSXWLQJORDGLQYROYHGLQJHQHUDWLQJODUJHDUHDUDVWHUVZDVDFFRPPRGDWHG
XVLQJ;HRQFRUHVLQDYLUWXDOPDFKLQHFOXVWHUWKDWZDVPDQDJHGXVLQJUHGLV/HUQHURQDQ
RSHQ686(/LQX[RSHUDWLQJV\VWHP 

3. Results 
 
3.1 Field data description 
 
6FDWWHUSORWVRIWKHILUVWWZR/PRPHQWVRIWUHHKHLJKW7+/7+/DQG'%+'%+/'%+/
WRJHWKHUZLWK0'+%$DQG63+DSSHDULQ)LJXUH6WURQJUHODWLRQVKLSVDUHDSSDUHQWEHWZHHQEDVDO
DUHDDQGPHDQGRPLQDQWKHLJKWDQGEHWZHHQWKHILUVW/PRPHQWVRIWUHHKHLJKWDQG'%+6WRFNLQJ
YDULHVZLGHO\DQGLVTXLWHKLJKLVVRPHSORWVUHIOHFWLQJWKHSUHVHQFHRIGRXEOHOHDGHUVWHPVLQPDQ\
DUHDV%DVDO DUHD DQG VWRFNLQJ VKRZ VNHZ WKDW LV W\SLFDO LQ WKHVH VWDQGV7KH WUHHPHWULFV DUH DOVR
VNHZHGDQGFRQVHTXHQWO\WKHILUVWWZR/PRPHQWVDUHFRUUHODWHG 
 
)LJXUH0DSRI7DVPDQLD$XVWUDOLDVKRZLQJ6WDWHIRUHVWJUHHQZLWKHPEHGGHGHXFDO\SWSODQWDWLRQEOXH
PDQDJHGE\)RUHVWU\7DVPDQLD/L'DUFRYHUDJHWRGDWHH[WHQGVDFURVVWKHHDVWHUQKDOIRIWKHHVWDWH

3.2 Feature selection 
 
7DEOHSUHVHQWVPRGHO5YDOXHVUHVXOWLQJIURPWKHWZRIHDWXUHVHOHFWLRQDSSURDFKHV WUHHEDJJLQJDQG
UDQGRP IRUHVWV ,W LV HYLGHQW IURP WKH UHVXOWV LQ WKLV WDEOH WKDW WKH /L'$5 YDULDEOHV DUH YHU\ ZHDN
SUHGLFWRUVRIWKHWKLUGDQGIRXUWK/PRPHQWVRIWUHHKHLJKWDQG'%+$VDUHVXOWWKHSUHGLFWRUYDULDEOHV
IRU WKHVHPRGHOVZHUH QRW LQFOXGHG LQ WKH VXEVHTXHQW VWDJH 7KH WZR DSSURDFKHV JHQHUDWH YHU\ VLPLODU
PRGHO5 YDOXHV DQG VHOHFWHG VLPLODU SUHGLFWRU YDULDEOHV QRW VKRZQ SURYLGLQJ VRPH FRPIRUW WKDW WKH
SURFHGXUHVZHUHEHKDYLQJ DV H[SHFWHG7DEOH  LQ WKH$SSHQGL[SUHVHQWV WKH UHGXFHG OLVW RI FDQGLGDWH
SUHGLFWRUYDULDEOHV7KHUHGXFHGOLVWLVGRPLQDWHGE\SL[HOPHWULFVVXJJHVWLQJWKHUHLVQRLQIRUPDWLRQ
FRQWHQWZLWKLQWKHFDQRS\WKDWFDQQRWEHDWWDLQHGIURPWKHFDQRS\VXUIDFH9HU\IHZLQWHQVLW\PHWULFV
UHPDLQ7KLVLVVRPHZKDWVXUSULVLQJDVHDUOLHUZRUNZLWKDUHGXFHGVXEVHWRIWKHVHGDWDKDGVXJJHVWHG
WKDWWKHUHWXUQLQWHQVLW\FRXOGEHXVHGWRGLVFULPLQDWHFURSDQGQRQFURSVSHFLHVLQWKHVHSODQWDWLRQV

7DEOH'HSHQGHQWYDULDEOHDQGPRGHO5UHVXOWLQJIURPWZRIHDWXUHVHOHFWLRQDSSURDFKHVWUHHEDJJLQJDQG
UDQGRPIRUHVWV
'HSHQGHQWYDULDEOH 7UHHEDJJLQJPRGHO5 5DQGRPIRUHVWPRGHO5
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)LJXUH6FDWWHUSORWVPDWULFHVZLWKVSOLQHFXUYHVRIILHOGSORWGDWDWKHILUVWWZR/PRPHQWVRIWUHHKHLJKWDQG
'%+WRJHWKHUZLWK0'+%$DQG63+6FDWWHUSORWFRORUVUHSUHVHQWGHQVLW\RIREVHUYDWLRQVIURP\HOORZKLJK
GHQVLW\WRJUH\ORZGHQVLW\
 
3.3 Imputation 
 
6FDWWHUSORWVRIWKHFULWHULDVWDWLVWLFVJHQHUDWHGE\WKHLWHUDWLYHILWWLQJSURFHVVZHUHLQVSHFWHG$VXEVHW
H[DPSOH LV SUHVHQWHG LQ )LJXUH  IRU LOOXVWUDWLYH SXUSRVHV 7KHUH ZHUH FRQVLVWHQWO\ SRVLWLYH
FRUUHODWLRQVEHWZHHQ0'DQG0$'VWDWLVWLFYDOXHVDQGEHWZHHQ0'DQG0$'VWDWLVWLFYDOXHV
QRWVKRZQDQGFRQVLVWHQWO\VWURQJSRVLWLYHFRUUHODWLRQVEHWZHHQGHSHQGHQWYDULDEOHV7KHVHUHVXOWV
LQGLFDWHGDVWURQJSUHIHUHQWLDOUDQNLQJRIFDQGLGDWHPRGHOV 

,QRUGHUWRFKRRVHWKHRSWLPDOPRGHOFRPSRVLWHZHLJKWHG0'DQG0$'VWDWLVWLFVZHUHGHULYHGLQ
WKHILQDOVWHS7KHFRPSRVLWHVWDWLVWLFVZHUHWKHPHDQVWDWLVWLFYDOXHVDFURVVHDFKYDULDEOHZHLJKWHG
E\ WKH LQYHUVH RI WKH VWDWLVWLFV DEVROXWH YDOXH 7KLVZHLJKWLQJ HQVXUHG WKDW PRGHOV WKDW SHUIRUPHG
FRPSDUDWLYHO\ ZHOO IRU VWURQJO\ SUHGLFWHG PHWULFV HJ 7+/ ZHUH IDYRXUHG RYHU PRGHOV WKDW
SUHIRUPHGFRPSDUDWLYHO\ZHOOIRUZHDNO\SUHGLFWHGPHWULFVHJ63+)LJXUHVKRZVWKHVFDWWHUSORW
EHWZHHQFRPSRVLWH0'DQG0$'VWDWLVWLFVIRUHDFKRIWKHLWHUDWLYHO\ILWWHGLPSXWDWLRQPRGHOV
7KH VWURQJ FRUUHODWLRQ HQVXUHV D FOHDU FKRLFH FDQ EH PDGH IRU D ILQDO PRGHO ZHLJKLQJ XS WKH
SUHIHUHQFH IRUSUHFLVLRQYHUVXVELDV:HFKRVHPRGHO DV WKHRSWLPDOPRGHO)LW VWDWLVWLFV IRU WKH
RSWLPDO LPSXWDWLRQ PRGHO DSSHDU LQ 7DEOH  )LJXUH  SUHVHQWV VFDWWHU SORWV RI REVHUYHG YHUVXV
SUHGLFWHG ILHOG PHWULFV 7KH PRGHO SHUIRUPV ZHOO LQ SUHGLFWLQJ WKH VW /PRPHQWV DQG 0'+ ,W
SHUIRUPVOHVVZHOOLQSUHGLFWLQJQG/PRPHQWVDQG%$2WKHUPHWULFVDUHSRRUO\SUHGLFWHG
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IURP\HOORZKLJKGHQVLW\WRJUH\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)LJXUH2EVHUYHGYHUVXVH[SHFWHGVWDQGPHWULFVIURPWKHLPSXWDWLRQPRGHOWRJHWKHUZLWKVSHDUPDQVUKR
FRUUHODWLRQVOLQHVGRWWHGDQGVSOLQHFXUYHVVROLG&RORUVUHSUHVHQWGHQVLW\RIREVHUYDWLRQVIURP\HOORZ
KLJKGHQVLW\WRJUH\ORZGHQVLW\
 
3.4 Implementation 
 
7KH FDSDFLW\ RI /L'$5EDVHG LQYHQWRU\ WR SURYLGH ZLWKLQFRPSDUWPHQW LQIRUPDWLRQ LV D NH\
DGYDQWDJHRIWKHDSSURDFKRYHUWUDGLWLRQDOILHOGEDVHGLQYHQWRULHV,QRUGHUWRUHDOLVHWKHIXOOSRWHQWLDO
RIWKHGDWDZHGHYHORSHGDVLPSOHGDWDEDVHVWUXFWXUHDQGDVRIWZDUHSURJUDPWKDWDOORZVRSHUDWLRQDO
IRUHVWSODQQHUVWRTXHU\DQGYLHZWKH LPSXWHGLQYHQWRU\7KHLPSXWDWLRQGDWDLVVWRUHGLQDQ2UDFOH
 GDWDEDVH DFFHVVLEOH WR DOO VWDII YLD DQ LQWUDQHW$SRLQWV WDEOH FRQWDLQV HDFK LPSXWHG SL[HO
JHRUHIHUHQFHGZLWKDQHDVWLQJDQGQRUWKLQJ7KHYDOXHVDUHHQFRGHGDVDQ2UDFOH6'2B*(20(75<
GDWDW\SH(DFKXQLTXHLPSXWDWLRQKDVD\LHOGWDEOHHQWU\DVVRFLDWHGZLWKLWLQD\LHOGWDEOH&XUUHQWO\
WKH\LHOGVIRUHDFKSURGXFWW\SHDVVRFLDWHGZLWKHDFKLPSXWHGSL[HODUHSUHJHQHUDWHGIRUHDFKDVVHW
XVLQJ)RUHVWU\7DVPDQLD¶JURZWKDQG\LHOGV\VWHP

7KHVRIWZDUHSURJUDPLVGHVLJQHGWRUHWULHYHDQGGLVSOD\WKHGDWDVWRUHGLQWKHVHWZRWDEOHVEDVHGRQ
VSDWLDO RYHUOD\VZLWK DQ RSHUDWLRQV GDWDEDVH WKDW FRQWDLQV VSDWLDO DQG DVVRFLDWHG VLOYLFXOWXUDO DVVHW
GDWD7KHVRIWZDUHSURJUDPLVZULWWHQLQ&1(77KHXVHUVHOHFWVDQDVVHWRILQWHUHVWLQD*8,
LQWHUIDFH ,QGRLQJVR WKHSRLQWV WDEOH LVVSDWLDOO\RYHUODLGRQWRWKHDVVHWSRO\JRQVKDSH LQRUGHUWR
H[WUDFWDOOLPSXWHGSL[HOVWKDWIDOOZLWKLQWKHDVVHWERXQGDU\7KH\LHOGLQIRUPDWLRQIRUWKRVHLPSXWHG
SL[HOVLVWKHQUHWULHYHGIURPWKH\LHOGWDEOHDQGVWRUHGRQWKHORFDOPDFKLQHLQDJHQHULFOLVW

7KHXVHULVSUHVHQWHGZLWKDPDLQIRUPZKLFKFRQWDLQVD7UHH9LHZVKRZLQJD'LVWULFW%ORFN$VVHW
KLHUDUFK\7KHWRSOHIWRIWKHIRUPSURYLGHVDOLVWRIDOODVVHWVIRUZKLFK/L'$5LQYHQWRU\LVDYDLODEOH
6HOHFWLQJ DQ DVVHW SRSXODWHV WKH FHQWUH WRS SDQHOZLWK DVVHW GDWD VXFK DV DVVHW QDPH VLOYLFXOWXUDO
SUHVFULSWLRQDQGSODQWLQJ\HDUDQGWKHULJKWWRSSDQHOZLWKDWKXPEQDLOYLHZRIWKHDVVHWVKDSHZLWK
SUR[LPDWHURDGVDQGVWUHDPV2QFHDQDVVHWKDVEHHQFKRVHQWKHXVHUVHOHFWVWKHµ/RDG/LGDU¶EXWWRQ
DQGWKLVH[HFXWHVWKHVSDWLDORYHUOD\IRUWKHDVVHWDQGORDGVDOOWKHLPSXWHGSL[HOVDVGHVFULEHGDERYH
,QWKHORZHUKDOIRIWKHIRUPVXPPDU\FKDUWVDQGWDEOHVRISURGXFWYROXPHV\LHOGVE\\HDUDUHWKHQ
SUHVHQWHGWRJHWKHUZLWKDGHWDLOHGPDSRIWKH$VVHWLQDVHFRQGVHSDUDWHIRUP,QWKLVVHSDUDWHIRUP
WKHPDS VKRZV HDFK LPSXWHG SL[HO FRORXUFRGHG DFFRUGLQJ WR WKH SURMHFWHG YROXPHRI WKH VHOHFWHG
SURGXFWLQDVHOHFWHG\HDU$VOLGHUEDUDOORZVWKHXVHUWRGLVSOD\WKLVSURGXFWPDSIRUDQ\\HDURQWKH
SODQQLQJKRUL]RQ7KHUH¶VDOVRDµ5HVFDOH&RORXUV¶RSWLRQWKDWDOORZVWKHXVHUWRDPSOLI\WKHFRORXU
UDQJHE\REVHUYLQJ WKH OLPLWV LHPLQPD[ IURP WKH FXUUHQW\HDU UDWKHU WKDQ WKH OLPLWV IURP WKH
HQWLUHSODQQLQJKRUL]RQ 

$W\SLFDOFRPSDUWPHQWDVVHWFRQWDLQVDURXQGPLOOLRQ LPSXWHGSL[HOV ,W WDNHVDQDYHUDJHRI
VHFRQGVWRORDGWKHJHQHULFOLVW(DFKRSHUDWLRQRQWKHOLVWHJVHDUFKIRUDSDUWLFXODU\HDUDQGVXPRI
SURGXFWVDQGSDLQWDVFUHHQPDSWDNHVDQDYHUDJHRIVHFRQGV&XUUHQWO\ZHXVHDVLPSOHOLQHDU
VHDUFKWRUHWULHYHWKHGDWDIURPWKH2UDFOHGDWDEDVHDQGWKHUHLVVFRSHWRLPSURYHSHUIRUPDQFHZLWK
VRPHIRUPRILQGH[LQJ
 
4. Discussion  
 
,PSXWDWLRQ EDVHG /L'$5 LQYHQWRULHV DOORZ SURMHFWLRQ RI WKH ILHOG REVHUYHG WUHH OLVWV XVLQJ OHJDF\
JURZWKDQG\LHOGV\VWHPV DQGVRSURYLGHD WHPSRUDOYLHZRI VWDQGFKDUDFWHULVWLFV7KH LQIRUPDWLRQ
SURYLGHGKDVXWLOLW\DFURVVDOOWLHUVRISODQQLQJDQGVHUYHVWRXQLI\RSHUDWLRQDOWDFWLFDODQGVWUDWHJLF
SODQQLQJSURYLGLQJFRQVLVWHQWHVWLPDWHVLQWRHDFK7KHSULQFLSDOOLPLWLQJIDFWRULQXVLQJ/L'$5EDVHG
LQYHQWRULHVLVQRORQJHUWKHDJHRIWKHXQGHUO\LQJ/L'$5GDWDEXWWKHTXDOLW\RIWKHLPSXWDWLRQDQGWKH
FDSDFLW\RIDQRUJDQLVDWLRQVJURZWKDQGYROXPHPRGHOVWRDFFXUDWHO\SURMHFWSORWGDWDIRUZDUGLQWLPH
7KHXWLOLW\RIWKHLPSXWHGGDWDLVGHPRQVWUDWHGE\WKHUDQJHRIXVHVLWLVSXWWRE\)RUHVWU\7DVPDQLD
8VLQJWKHWRROGHVFULEHGDERYHLQIRUPDWLRQGHULYHGIURPWKHLPSXWDWLRQLVDFFHVVHGDQGLQWHUURJDWHG
,WV SULQFLSDO XVH LV IRU RSHUDWLRQDO GHFLVLRQ VXSSRUW 7KH WRRO DOORZV YLVXDO UHSUHVHQWDWLRQ RI WKH
KDUYHVWLQJXQLWLQVSDWLDODQGWHPSRUDOGLPHQVLRQV7KHKLJKUHVROXWLRQRIWKHLPSXWHGGDWDIDFLOLWDWHV
SODQQLQJRIRSHUDWLRQV DW DZLWKLQFRXSH OHYHO ,PSXWHG HVWLPDWHVRIKDUYHVWYROXPHDQG VWHPVL]H
GLVWULEXWLRQ SURYLGH LQVLJKWV LQWR KDUYHVWLQJ HFRQRPLFV DQG FDQ LQIRUP WKH VHOHFWLRQ RI DSSURSULDWH
KDUYHVWLQJHTXLSPHQW,PSURYLQJLQYHQWRU\SUHFLVLRQDOVRUHGXFHVWKHUHTXLUHGULVNORDGLQJLQKDUYHVW
UDWHV $V D WDFWLFDO SODQQLQJ WRRO \LHOG SURMHFWLRQ SURYLGHV LQIRUPDWLRQ WKDW LQIRUPV VLOYLFXOWXUDO
SODQQLQJDQGVFKHGXOLQJ,QSDUWLFXODUGLVMXQFWLYHGHFLVLRQVVXFKDVZKHQWRWKLQDVWDQGWRPLQLPLVH
ZLQGWKURZULVNDUHVXSSRUWHGE\WUHHOLVWEDVHG\LHOGSURMHFWLRQ7KHXQGHUO\LQJ\LHOGWDEOHVDUHDOVR
XVHIXOIRUVWUDWHJLFHVWDWHZLGHSODQQLQJH[HUFLVHVZLWKWKHDGGHGDGYDQWDJHRIEHLQJGLUHFWO\LQIRUPHG
E\WKHVDPHHVWLPDWHVDVWKHRSHUDWLRQDODQGWDFWLFDOSODQQLQJSURFHVVHV
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IRU)96SURMHFWLRQVZKHUHLQLWLDOPRGHOVLQSXWVDUHEDVHGRQVLQJOHWUHHVWHPPDSVGHYHORSHG
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SUHGLFWHG DQGJURXQGWUXWKPHDQ WUHHKHLJKW EDVDO DUHD DQG WLPEHUYROXPHDVSHUFHQWDJHRJ
JURXQGWUXWK YDOXHV ZHUH   DQG  IRU $/6 DQG 
 DQG  IRU SKRWRJUDPPHWU\ UHVSHFWLYHO\ 7KH UHVXOWV REWDLQHG E\ $/6
ZHUHVOLJKWO\EHWWHUWKDQWKHUHVXOWVREWDLQHGIURPSKRWRJUDPPHWU\HVSHFLDOO\LQ\RXQJIRUHVW
(YHQ WKRXJK WKH VWDQGDUG GHYLDWLRQ RI WKH GLIIHUHQFHV EHWZHHQ SUHGLFWHG DQG JURXQG WUXWK
YDOXHV ZHUH ODUJHU IRU SKRWRJUDPPHWU\ FRPSDUHG WR $/6 DHULDO LPDJHV PLJKW VWLOO EH DQ
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A model-based approach for estimating tree height distribution using 
airborne laser scanning data with and without field measurement data 

/DXUL0HKWlWDOR$QQL9LURODLQHQ-XNND7XRPHOD	3HWWHUL3DFNDOpQ

8QLYHUVLW\RI(DVWHUQ)LQODQG6FKRRORI)RUHVW6FLHQFHVODXULPHKWDWDOR#XHIIL
8QLYHUVLW\RI(DVWHUQ)LQODQG6FKRRORI)RUHVW6FLHQFHVDQQLYLURODLQHQ#XHIIL
8QLYHUVLW\RI(DVWHUQ)LQODQG'HSDUWPHQWRI3K\VLFVDQG0DWKHPDWLFV
MXNNDWXRPHOD#XHIIL
2UHJRQ6WDWH8QLYHUVLW\'HSDUWPHQWRI)RUHVW(QJLQHHULQJSHWWHULSDFNDOHQ#XHIIL

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
Abstract 

7KH DLUERUQH ODVHU VFDQQLQJ $/6 GDWD RI D IRUHVW FRQWDLQV GLUHFW LQIRUPDWLRQRI WKH FDQRS\
KHLJKW7KLVVWXG\LQWURGXFHGDWKHRUHWLFDOPRGHOZKLFKH[SUHVVHVWKHREVHUYHGKHLJKWVRIWKH
FDQRS\HQYHORSHDVD IXQFWLRQRIVWDQGGHQVLW\ WKHSDUDPHWHUVRI WKH WUHHKHLJKWGLVWULEXWLRQ
DQGWKHVKDSHRIWKHLQGLYLGXDOWUHHFURZQ7KHPRGHOLQFOXGHGWKHDVVXPSWLRQRIUHFWDQJXODU
JULG SDWWHUQ RI WUHH ORFDWLRQV 7KHPRGHOZDV DSSOLHGZLWK HPSLULFDO GDWD IURP D HXFDO\SWXV
SODQWDWLRQ LQ WZR VLWXDWLRQV ZLWK JURXQGPHDVXUHG WUDLQLQJ GDWD DQG ZLWKRXW JURXQG
PHDVXUHPHQWV,QWKHILUVWVLWXDWLRQWKHLGHDLVWRHVWLPDWHWKHSDUDPHWHUVVSHFLI\LQJLQGLYLGXDO
WUHHFURZQVXVLQJODVHUGDWDIURPSORWVZLWKNQRZQWUHHKHLJKWV7KLVLQIRUPDWLRQLVWKHQXVHG
ZLWKDQRWKHUVHWRISORWVWRHVWLPDWHWKHGLVWULEXWLRQRIWUHHKHLJKWV7KHKHLJKWGLVWULEXWLRQZDV
DVVXPHG WR IROORZ:HLEXOO GLVWULEXWLRQ ,Q VHFRQG VLWXDWLRQ ERWK WKH SDUDPHWHUV VSHFLI\LQJ
LQGLYLGXDOWUHHFURZQVDQGWKHGLVWULEXWLRQRIWUHHKHLJKWVDUHHVWLPDWHGVLPXOWDQHRXVO\EDVHGRQ
$/6 GDWD RQO\ 7KHPDLQ LQWHUHVWZDV WR HVWLPDWH WKH SDUDPHWHUV RI SORWVSHFLILF WUHH KHLJKW
GLVWULEXWLRQ WKH HVWLPDWLRQ ZDV SHUIRUPHG E\ XVLQJ WKH PD[LPXP OLNHOLKRRG PHWKRG 7KH
PRGHOIRULQGLYLGXDO WUHHFURZQVKDSHZDVDOVRLQWURGXFHGZKHUH WKHSHQHWUDWLRQRIWKHODVHU
SXOVHLQWRWKHFDQRS\ZDVWDNHQLQWRDFFRXQW7KHDFFXUDFLHVRIWKHPHDQKHLJKWDQGGRPLQDQW
KHLJKWZHUHHYDOXDWHGDQGFRPSDUHGWRWKHUHIHUHQFHPHWKRGLHUHJUHVVLRQPHWKRG7KHPHDQ
KHLJKWZLWK$/6DQGJURXQGPHDVXUHGGDWDUHVXOWHGLQURRWPHDQVTXDUHHUURU506(RIP
DQGGRPLQDQWKHLJKW506(RIP7KHPHDQKHLJKWZLWK$/6GDWDRQO\UHVXOWHGLQ506(RI
P DQG GRPLQDQW KHLJKW506(RI P ,Q ERWK FDVHV WKH HVWLPDWHV RI GRPLQDQW KHLJKW
ZHUHPRUHDFFXUDWHWKDQZLWKWKHUHIHUHQFHPHWKRGEXWWKHHVWLPDWHVRIPHDQKHLJKWZHUHOHVV
DFFXUDWH7KHLQFRQVLVWHQF\RIWKHGRPLQDQWKHLJKWDQGPHDQKHLJKWHVWLPDWLRQVXJJHVWVWKDWWKH
:HLEXOOGLVWULEXWLRQPD\QRWEH WKHEHVWRSWLRQIRU WKH WUHHKHLJKWGLVWULEXWLRQ)XWXUHVWXGLHV
IRFXV RQ LPSURYLQJ WKHPRGHO HJ DOORZLQJ UDQGRPQHVV WR WKH FURZQ VKDSH RU SHQHWUDWLRQ
ZKLFKZHUHDVVXPHGWREHIL[HGLQWKLVVWXG\ 

6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 1 
Field trials of a full-waveform terrestrial laser scanner to measure 
forest canopy dynamics 

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
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
3DSHU1XPEHU6/

Abstract 

7KLVSDSHUSUHVHQWVWKHUHVXOWVRIDILHOGWULDORIWKH6DOIRUG$GYDQFHG/DVHU&DQRS\$QDO\VHU
6$/&$ D XQLTXH WZRZDYHOHQJWK IXOOZDYHIRUP WHUUHVWULDO ODVHU VFDQQHU GHVLJQHG WR
FKDUDFWHUL]H VSDWLDO DQG WHPSRUDO YDULDWLRQV LQ IRUHVW FDQRS\ ELRSK\VLFDO SURSHUWLHV 7KH
LQVWUXPHQW LV GHSOR\HG RQ D WULSRG EHORZ WKH IRUHVW FDQRS\ DQG UHFRUGV XS WR  PLOOLRQ
ZDYHIRUPVZLWKDUDQJHUHVROXWLRQRIPPDFURVVDIXOOKHPLVSKHUH7ZRODVHUZDYHOHQJWKV
DQGQPZLWKFRDOLJQHGEHDPVDUHHPLWWHGDQGWKHPD[LPXPPHDVXUHPHQWUDQJH
LV DSSUR[LPDWHO\ P 7KH LQVWUXPHQW ZDV GHYHORSHG WR H[SORLW WKH LQIRUPDWLRQ RQ IRUHVW
FDQRS\ VWUXFWXUH DQG FRPSRVLWLRQ FRQWDLQHG LQ IXOOZDYHIRUP UHWXUQV DQG WKH DSSOLFDWLRQ RI
GXDOZDYHOHQJWKPHDVXUHPHQWVWRDOORZVHSDUDWLRQRIIROLDJHDQGZRRG\PDWHULDO6$/&$ZDV
GHSOR\HG RQ D ZHHNO\ EDVLV IURP $SULO WR 6HSWHPEHU  DW D UDQJH RI QHHGOHOHDYHG
HYHUJUHHQ DQG EURDGOHDI GHFLGXRXV IRUHVW SORWV DW 'HODPHUH )RUHVW &KHVKLUH 8. 7KH ODVHU
VFDQQHU PHDVXUHG FKDQJHV LQ OHDI DQG QHHGOH FRYHU DQG WKH G\QDPLFV RI OHDI H[SDQVLRQ
DVVRFLDWHGZLWKVSULQJJUHHQXS LQ WKHGHFLGXRXVSORWV&RLQFLGHQWKHPLVSKHULFDOSKRWRJUDSKV
ZHUH DFTXLUHG IRU FRPSDULVRQZLWK WKH6$/&$GDWD DQG UHFRUG WKH NH\ SKHQRORJLFDO HYHQWV
LQFOXGLQJEXGEXUVWDQGOHDIXQIROGLQJ 

'DWD SUHSURFHVVLQJ KDV IRFXVVHG RQ H[WUDFWLQJPXOWLSOH UHWXUQV DQG DVVRFLDWHG LQWHQVLW\ E\
DSSO\LQJDQDGDSWLYHQRLVHWKUHVKROGDQGLGHQWLI\LQJDOOPD[LPDLQWKHZDYHIRUP$QHPSLULFDO
UDQJHLQWHQVLW\ FRUUHFWLRQ PHWKRG ZDV GHYHORSHG WR PRGHO DQG FRUUHFW UDQJHGHSHQGHQW
GHFUHDVHVLQEDFNVFDWWHUHGHQHUJ\7KLVHQDEOHGDVLPSOHUDWLRQPWREHFDOFXODWHG
IRUHDFKUHWXUQDQGDIWHUWKUHVKROGLQJWKHVHGDWDZHUHXVHGWRFODVVLI\SRLQWVDVZRRG\PDWHULDO
RU IROLDJH$SSOLFDWLRQ RI D SRLQWEDVHGPHWKRG WRPHDVXUH GLUHFWLRQDO JDS IUDFWLRQ SURYLGHG
HVWLPDWHV RI OHDI DUHD LQGH[ /$, DW HDFK VWDQG WKURXJK WKH JURZLQJ VHDVRQ DQG GLUHFW
FRPSDULVRQ ZLWK /$, GHWHUPLQHG IURP KHPLVSKHULFDO SKRWRJUDSK\ /$, HVWLPDWHV IURP WKH
KHPLVSKHULFDOSKRWRJUDSK\ZHUHVWURQJO\FRUUHODWHGZLWK/$,HVWLPDWHVIURPWKHODVHUVFDQQHU
LQ ERWK HYHUJUHHQ DQG EURDGOHDYHG GHFLGXRXV VWDQGV EXW WKH\ZHUH FRQVLVWHQWO\ KLJKHUZKHQ
ERWKZRRG\DQGIROLDJHSRLQWVZHUHLQFOXGHG*DSIUDFWLRQVEDVHGRQO\RQUHWXUQVFODVVLILHGDV
IROLDJH ZHUH VLPLODU LQ PDJQLWXGH IRU WKH QHHGOHOHDYHG VWDQGV EXW IRU WKH EURDGOHDYHG
GHFLGXRXVVWDQGVZKHUHPHDVXUHPHQWVZHUHPDGHIURPOHDIRIIWRIXOOOHDIRQVWDJH/$,ZDV
VLJQLILFDQWO\ ORZHU VLQFH ZRRG\ SODQW DUHD LQGH[ ZDV DFFRXQWHG IRU )XUWKHU YDOLGDWLRQ LV
UHTXLUHGWKURXJKGHVWUXFWLYHVDPSOLQJRIWHVWFDQRSLHVDQGPHWKRGVWRPHDVXUHDQGDFFRXQWIRU
IROLDJHFOXPSLQJPXVWEHGHYHORSHG
 6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD  
 
5HTXLUHPHQWVRIDKDELWDWVSHFLDOLVWLQ6ZLVVPRXQWDLQIRUHVWV±DQ
DVVHVVPHQWRIIRUHVWVWUXFWXUHDQGFRPSRVLWLRQXVLQJODVHUUHPRWH
VHQVLQJDQGILHOGGDWD
)ORULDQ=HOOZHJHU)HOL[0RUVGRUIVeronika Braunisch3,4	.XUW%ROOPDQQ
6ZLVV)HGHUDO,QVWLWXWHIRU)RUHVW6QRZDQG/DQGVFDSH5HVHDUFK:6/
%LUPHQVGRUI6ZLW]HUODQGIORULDQ]HOOZHJHU#ZVOFKNXUWEROOPDQQ#ZVOFK
'HSDUWHPHQWRI*HRJUDSK\8QLYHUVLW\RI=XULFK,UFKHO=XULFK6ZLW]HUODQG
IHOL[PRUVGRUI#JHRX]KFK
,QVWLWXWHRI(FRORJ\DQG(YROXWLRQ8QLYHUVLW\RI%HUQ%HUQ6ZLW]HUODQG
YHURQLNDEUDXQLVFK#LHHXQLEHFK
)RUHVW5HVHDUFK,QVWLWXWHRI%DGHQ:UWWHPEHUJ)UHLEXUJ*HUPDQ\
3DSHU,'6/
$EVWUDFW

6SHFLHV ULFKQHVV LQ IRUHVW HFRV\VWHPV ODUJHO\ GHSHQGV RQ KDELWDW VWUXFWXUH DQG FRPSRVLWLRQ
7KHVH DWWULEXWHV FDQ EH DVVHVVHG LQ ILHOG VXUYH\V KRZHYHU VXFK GDWD RIWHQ ODFNV LQ VSDWLDO
H[WHQW 5HPRWH VHQVLQJ WHFKQRORJLHV VXFK DV OLJKW GHWHFWLRQ DQG UDQJLQJ /L'$5 SURYLGH
DOWHUQDWLYHWRROVWRTXDQWLI\VWUXFWXUDOHOHPHQWVDFURVVUHODWLYHO\EURDGDUHDVDWDILQHUHVROXWLRQ
7R VWXG\ WKH KDELWDW UHTXLUHPHQWV RI KD]HO JURXVH Bonasa bonasia DQ LQGLFDWRU VSHFLHV RI
VWUXFWXUDOO\ ULFK IRUHVW VWDQGV ZH DVVHVVHG WKH VWUXFWXUH DQG FRPSRVLWLRQ RI 6ZLVVPRXQWDLQ
IRUHVWVRYHUWKUHHELRJHRJUDSKLFDOUHJLRQV
:H GHVLJQHG D VDPSOH EDVHG ILHOG VXUYH\ RI IRUHVW VWUXFWXUH DQG FRPSRVLWLRQ DQG D /L'$5
EDVHGDVVHVVPHQWRIYHUWLFDODQGKRUL]RQWDOIRUHVWVWUXFWXUHVXVLQJDQDWLRQZLGH/L'$5GDWDVHW
ZLWK D PHDQ SRLQW GHQVLW\ RI  P 7KH GHSHQGHQW YDULDEOH FRQVLVWHG RI KD]HO JURXVH
SUHVHQFHDEVHQFHGDWDDWDUHVROXWLRQRINP6SHFLHVGLVWULEXWLRQPRGHOVZHUHFRPSXWHGIRU
ERWK YDULDEOH VHWV VHSDUDWHO\ DQG LQ FRPELQDWLRQ XVLQJ ERRVWHG UHJUHVVLRQ WUHHV D VWDWLVWLFDO
PDFKLQHOHDUQLQJWHFKQLTXH
0RGHO SHUIRUPDQFH DVVHVVPHQW EDVHG RQ H[SODLQHG GHYLDQFH DQG $8& VKRZHG WKDW WKH
FRPELQHG PRGHO SHUIRUPHG EHVW ZLWK RYHU  H[SODLQHG GHYLDQFH LQ WKH REVHUYHG GDWD
IROORZHGE\ WKHILHOGDQG/L'$5PRGHOV7KHILHOGPRGHOUHYHDOHGWKDWKD]HOJURXVH IDYRUHG
HYHQO\ GLVWULEXWHG ULFK JURXQG YHJHWDWLRQ RSWLPDOO\ ZLWK D VXEVWDQWLDO SRUWLRQ RI ELOEHUU\
Vaccinium myrtillus7KHDEXQGDQFHRIWDOOURZDQVSorbus aucupariaEDVDOEUDQFKHGWUHHV
DQG D KLJK SHUFHQWDJH RI UHVRXUFH WUHHV LQ WKH VKUXE OD\HUZHUH IRXQG WR EH IXUWKHU HVVHQWLDO
KDELWDWHOHPHQWV/L'$5ZDVSRZHUIXOLQGHWHFWLQJLPSRUWDQWVWUXFWXUDOIHDWXUHVZKHUHE\WKH
KRUL]RQWDOIRUHVWVWUXFWXUHH[SODLQHGPRUHRIWKHGHYLDQFHWKDQWKHYHUWLFDOIRUHVWVWUXFWXUH7KH
PRVW LQIOXHQWLDO /L'$5 YDULDEOHZDV DPHDVXUH RI FDQRS\ KHLJKW KHWHURJHQHLW\$SDUW IURP
LQGLFDWLQJ VWUXFWXUDOO\ ULFK IRUHVW VWDQGV LW SUREDEO\ DOVR VHUYHG DV D SUR[\ RI FRPSRVLWLRQDO
DVSHFWV VXFK DV WKH DEXQGDQFH RI OLJKW GHPDQGLQJ UHVRXUFH WUHHV DQG VKUXEV RU RI D ZHOO
GHYHORSHGJURXQGYHJHWDWLRQ7RVXSSRUWKDELWDWPDQDJHPHQWZHGHULYHGYDULDEOHWKUHVKROGVDW
DUHOHYDQWVSDWLDOVFDOHNPIRUIRUHVWPDQDJHPHQW
2XU VWXG\ VKRZHG WKDW/L'$5SURYLGHV DGHTXDWHPHDQV WR DVVHVV VWUXFWXUDO KDELWDW HOHPHQWV
DUHDZLGHWKXVRYHUFRPLQJWKHGLIILFXOWLHVDVVRFLDWHGZLWKVDPSOHEDVHGILHOGDVVHVVPHQWV7KH
EHVW PRGHO ILW KRZHYHU ZDV REWDLQHG E\ FRPELQLQJ /L'$5 YDULDEOHV ZLWK FRPSRVLWLRQDO
YDULDEOHV IURP WKH ILHOG VXUYH\ +HQFH ZH VXFFHVVIXOO\ EULGJHG WKH JDS EHWZHHQ GLIIHUHQW
HFRORJLFDOO\UHOHYDQWVFDOHVVXFKDVKDELWDWFRQILJXUDWLRQDQGVWUXFWXUHDWWKHUHJLRQDOVFDOHDQG
WKHDEXQGDQFHRIKDELWDWHOHPHQWVDWWKHORFDOVFDOH7KHPHWKRGVDSSOLHGLQWKLVVWXG\FDQDOVR
EH XVHG WR LGHQWLI\ KRWVSRWV RI IRUHVW VWUXFWXUDO ULFKQHVV D PDWWHU RI LQWHUHVW LQ WKH OLJKW RI
HPHUJLQJDWWHPSWVWRFRQVHUYHELRGLYHUVLW\LQIRUHVWV
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Abstract 
 
Plans are underway at NASA to launch the ICESat-2 (Ice, Cloud, and land Elevation Satellite) laser 
altimeter in 2016. While ICESat-2 is primarily designed to monitor changes in the cryosphere, it will also 
collect data over much of the Earth’s vegetated surfaces.  ICESat-2 will be a 532 nm photon-counting, 
multi-beam profiling, laser ranging system that requires not only new technology to collect the 
measurements but also new analysis techniques to extract information from the data. The combination of 
the laser repetition rate and satellite velocity will result in one outgoing laser pulse approximately every 
70 cm on the Earth’s surface. This laser repetition rate will allow detected photons to be accumulated in 
the along-track direction to recover surface elevation. Each outgoing laser beam is split into three pairs 
approximately 3 km apart on the Earth’s surface (6 km total); each beam footprint on the surface is 10 m 
in diameter. To compensate for varying surface reflectance, each bear pair will consist of a strong beam 
(100 µJ) and a weak beam (25 µJ). The beam configuration as proposed for ICESat-2 is beneficial for 
terrestrial ecosystems as it enables a dense spatial sampling over the mid-latitudes (approximately 60°S – 
65°N). To achieve a spatial sampling goal of no more than 2 km between equatorial ground tracks, 
ICESat-2 will be off-nadir pointed a maximum of 1.8 degrees from the reference ground track. 
Within any one of the individual 10 m laser footprint, photons are detected directly before, during, and 
after the expected pulse returns (equivalent to above, within, and below the expected elevation of the 
pulse return) to capture all possible surface returns. For vegetated surfaces, the number of detected 
photons per strong beam laser shot is estimated to range between 0 to 4 photons, however more photons 
could be returned from tall vegetation. Solar background noise will be a significant challenge in the 
analysis of photon counting laser data as there is no way to distinguish green photons emitted by ICESat-
2 (i.e. signal photons) from green photons returned from the atmosphere or scattered from adjacent targets 
(i.e. noise photons). New algorithms are being developed by the ICESat-2 Science Definition Team which 
will attempt to recover the ground and canopy surfaces for a direct retrieval of canopy height. Although 
the number of signal photons over vegetation is not expected to be high, there is potential for new, global 
digital elevation and canopy height models. 
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Abstract 
Airborne LiDAR-derived 400-m2 rasters of forest inventory attributes (heights, basal area, 
gross total volume, gross merchantable volume, DBHq, and biomass) were produced for a 
630,000 ha active forest management unit near Timmins, Ontario, Canada, as supplements 
to the existing basic forest resource inventory. The LiDAR data set was wall-to-wall, at an 
average of 0.5 pulses per m2 (Woods et al., 2011). A retrospective cost-benefit analysis 
was conducted on an annual harvest schedule to quantify the savings associated with the 
use of these LiDAR-derived inventory supplements.  The real costs of more than 30 
activities related to inventory acquisition and processing, forest operations, and mill 
processing, born from traditional knowledge, were compared to known industrial 
experience and/or model-estimated costs from FPInterface (FPInnovations) software, 
based on the supplemental knowledge provided by the LiDAR rasters.  Included in this 
comparison, were cost savings associated with factors such as harvest block design, road 
construction, and differences in harvest volumes. This study, unique to Ontario, indicated 
that improved decision making based on the detailed spatial quantifications derived from 
LiDAR can result in substantial financial savings in planning and operational aspects of 
forest operations, to the extent that LiDAR costs may be recovered in less than two years.  
The study also suggested that such improved decision making may contribute to better 
stewardship of the landbase through a reduced environmental footprint of forest 
operations and the maximization value of the resource for the people of Ontario and for 
the industry involved. 
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Abstract 
 
The main goal of the federal funded project ‘LiDAR based biomass assessment’ is the 
nationwide investigation of the biomass potential coming from landscaping activities of 
non-forest trees in Germany. Recent studies predict a great energetic potential of the harvested 
organic material which was more or less unused in the past. This paper is reporting about two 
methods to estimate the above-ground biomass (AGB) of non-forest trees from LiDAR data and 
aerial imagery. 
First of all, mandatory field calibrations are performed for pre-defined grove types (e.g. ‘hedge 
with trees’, ‘forest island’). For this purpose, selected reference groves are captured by airborne 
(ALS) and terrestrial laserscanning (TLS) in leaf-off and leaf-on conditions. The first method 
covers the determination of volume-to-biomass conversion factors (V2BCF) for each grove type 
which relate the reference AGB estimated from allometric functions with the vegetation volume 
using normalized digital surface models (nDSM). The second method is focused on a novel 3D 
Normalized Cut tree segmentation adopted for non-forest trees and the follow-on biomass 
calculation. The 3D segmentation provides for each tree segmented laser points from which a 
3D tree model is derived using alpha shapes. A subsequent linear regression estimates the 
biomass using tree features calculated from the alpha shapes. The robustness of model is 
evaluated by a 5-fold cross-validation. 
The methods are applied both to the LiDAR data (first/last pulse data (F+L) with 1 pt/m2, full 
waveform data (FWF) with 10 pts/m2) and to high-resolution aerial images (20 cm GSD). The 
investigations are applied on several reference groves of type ‘hedge with trees’ and ‘forest 
island’. The V2BCF which is derived by the first nDSM-based method for five sample groves 
of type ‘hedge with trees’ results in a value of 0.0053 for FWF data and 0.0221 for F+L data. 
The V2BCF value for FWF corresponds well with the V2BCF of 0.0054 which was acquired 
from destructive sampling of six reference groves in Southern Germany (Baden-Württemberg). 
In this case, the reference (resp. the true) AGB could be determined exactly on-site and thus 
approves that the estimation of the reference AGB using allometric functions is appropriate. The 
ratio between the reference AGB and the segmentation-derived AGB by means of the second 
method leads to a value of 1.0430 for FWF data and 1.0590 for F+L data. The relative errors 
resulting from both methods indicate that the first method seems to be more suitable for high 
density LiDAR point clouds like FWF, and that the second method is superior in case of rather 
average point densities like for F+L data. Moreover, the different foliage conditions (FWF: 
leaf-on, F+L: leaf-off) have an impact on the results. 
The second focus of our paper is on comparing the findings from LiDAR-based AGB estimates 
with the outcomes of dense stereo matching. For this purpose, the high-resolution aerial images 
- recorded in leaf-on conditions - are processed with a novel, commercial dense matching 
algorithm adopted from semi global matching. 
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Abstract 
 
Scientists at NASA’s Goddard Space Flight Center have developed an ultra-portable, low-cost, 
multi-sensor remote sensing system for studying the form and function of terrestrial ecosystems.  
G-LiHT integrates two LIDARs, a 905 nm single beam profiler and 1550 nm scanner, with a 
narrowband (1.5 nm) VNIR imaging spectrometer and a broadband (8-14 µm) thermal imager.  
The small footprint (~12cm) LIDAR data and ~1 m ground resolution imagery are 
advantageous for high resolution applications such as the delineation of canopy crowns, 
characterization of canopy gaps, and the identification of sparse, low-stature vegetation, which 
is difficult to detect from space-based instruments and large-footprint LiDAR. The 
hyperspectral and thermal imagery can be used to characterize species composition, variations 
in biophysical variables (e.g., photosynthetic pigments), surface temperature, and responses to 
environmental stressors (e.g., heat, moisture loss).  Additionally, the combination of LIDAR, 
optical, and thermal data from G-LiHT is being used to assess forest health by sensing 
differences in foliage density, photosynthetic pigments, and transpiration.  Low operating costs 
(~$1 ha) have allowed us to evaluate seasonal differences in LiDAR, passive optical and 
thermal data, which provides insight into year-round observations from space.  Canopy 
characteristics and tree allometry (e.g., crown height:width, canopy:ground reflectance) derived 
from G-LiHT data are being used to generate realistic scenes for radiative transfer models, 
which in turn are being used to improve instrument design and ensure continuity between 
LiDAR instruments.  G-LiHT has been installed and tested in aircraft with fuselage viewports 
and in a custom wing-mounted pod that allows G-LiHT to be flown on any Cessna 206, a 
common aircraft in use throughout the world.  G-LiHT is currently being used for forest 
biomass and growth estimation in the CONUS and Mexico in support of NASA’s Carbon 
Monitoring System (CMS) and AMIGA-Carb (AMerican Icesat Glas Assessment of Carbon).  
For NASA’s CMS, wall-to-wall G-LiHT data have been acquired over intensive study sites with 
historic LiDAR datasets, dense inventory data, stem maps and flux tower observations.  For 
AMIGA-Carb, G-LiHT transects have been acquired over ICESat tracks and USDA-FS 
inventory plots throughout the CONUS, and similar data will be acquired in Mexico during 
2013.  This talk will highlight recent science results from continental-scale transects 
landscape-scale deployments of G-LiHT, as well as seasonal forest dynamics from repeat pass 
G-LiHT acquisitions.    
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Using Airborne Laser Scanning to constrain GORT Model Inversion 

+HQQLQJ%XGGHQEDXP3\DUH3XHVFKHO	-RDFKLP+LOO 

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
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Abstract 

%LRSK\VLFDO SURSHUWLHV RQ GLIIHUHQW VFDOHV KDYH D ODUJH LQIOXHQFH RQ WKH UHIOHFWDQFH VLJQDO RI
IRUHVWV&OXPSLQJDQGVKDGLQJHIIHFWVIURPOHDIOHYHOWRVWDQGOHYHOFDQOHDGWRODUJHGLIIHUHQFHV
LQWKHUHIOHFWDQFHRIRWKHUZLVHLGHQWLFDOIRUHVWV7KHVHHIIHFWVFDQPRVWHDVLO\EHVWXGLHGXVLQJ
JHRPHWULFRSWLFDO UDGLDWLYH WUDQVIHU *257 PRGHOV &OXPSLQJ DQG VKDGLQJ DUH DOVR SDUWO\
UHVSRQVLEOH IRU PDNLQJ WKH LQYHUVLRQ RI WKHVH PRGHOV GLIILFXOW EHFDXVH WKHUH LV QR
RQHWRRQHUHODWLRQVKLSEHWZHHQDVPDOOVHWRISURSHUWLHVRILQWHUHVWDQGWKHUHIOHFWDQFHVLJQDO
7KLVLOOSRVHGSUREOHPKDVEHHQNQRZQIRUDORQJWLPHEXWVWLOOUHPDLQVWREHVROYHG7KHODUJHU
WKHQXPEHURIIUHHSDUDPHWHUVLQPRGHOLQYHUVLRQWKHPRUHDPELJXLW\DULVHVLQWKHUHVXOWV 
&RQYHUVHO\ WKHPRUH LVNQRZQDERXW WKHYDULDEOHV WKDW LQIOXHQFH WKHUHIOHFWDQFHVLJQDORU WKH
PRUHWKHVHYDULDEOHVFDQEHUHDVRQDEO\FRQVWUDLQHGWRQDUURZUDQJHVWKHEHWWHUWKHHVWLPDWLRQ
RIWKHUHPDLQLQJYDULDEOHVYLD*257PRGHOLQYHUVLRQV 
,PDJLQJ VSHFWURVFRS\ ,6 DORQH ZKLOH SURYLGLQJ DFFHVV WR VSHFLHV GLIIHUHQWLDWLRQ DQG VWDWH
YDULDEOHVGHVFULELQJWKHHFRSK\VLRORJLFDOFRQGLWLRQVRIIRUHVWVWDQGVKDVOLPLWHGFDSDFLWLHVIRU
GHULYLQJVWUXFWXUDOLQIRUPDWLRQ$LUERUQH/DVHU6FDQQLQJ$/6RQ WKHRWKHUKDQGLVQRWZHOO
VXLWHGIRUVSHFLHVGHWHFWLRQRU WKHGHULYDWLRQRIELRFKHPLFDOSDUDPHWHUVEXWKDV WKHDELOLW\ WR
PHDVXUH VWUXFWXUDO SDUDPHWHUV 7KXV IRU D GHWDLOHG FKDUDFWHUL]DWLRQ RI ELRSK\VLFDO DQG
ELRFKHPLFDOIRUHVWSDUDPHWHUV,6DQG$/6VKRXOGEHFRPELQHG 
:LWK$/6VHYHUDOVWUXFWXUDOIRUHVWYDULDEOHVFDQEHHVWLPDWHGZLWKDFFHSWDEOHWRKLJKDFFXUDF\
WUHHKHLJKWVWHPGHQVLW\FURZQFORVXUHDQGOHDIDUHDLQGH[/$,EHLQJWKHPRVWLPSRUWDQWRQHV
WKDW DOVR LQIOXHQFH WKH VWDQG UHIOHFWDQFH &RQVWUDLQLQJ WKHVH LQ WKH *257 PRGHO LQYHUVLRQ
SURFHVV LV H[SHFWHG WR LQFUHDVH WKH HVWLPDWLRQ DFFXUDF\ RI UHPDLQLQJ PRGHO SDUDPHWHUV OLNH
FKORURSK\OODQGZDWHUFRQWHQW
2XU VWXG\ VLWH LV LQ WKH3IlO]HUZDOG IRUHVWQHDU.DLVHUVODXWHUQ*HUPDQ\ DW DFRUH VLWHRI WKH
IRUHVW UHVHDUFK JURXS ZLWKLQ WKH (Q0$3 &RUH 6FLHQFH 7HDP ,Q $XJXVW  WZR +\0DS
K\SHUVSHFWUDO LPDJHV RI WKH DUHD ZHUH DFTXLUHG 7KH LPDJHV ZHUH UDGLRPHWULFDOO\ DQG
DWPRVSKHULFDOO\FRUUHFWHGDQGJHRFRGHG$GGLWLRQDOO\DQ$/6GDWDVHWRIWKHDUHDZDVDFTXLUHG
LQ6HSWHPEHU$Q$/70VHQVRUZDVXVHGWRFRYHUWKHDUHDZLWKDPHDQSRLQWGHQVLW\
RI  P 7KH GDWD ZDV SURYLGHG DV JURXQG ILUVW ODVW RQO\ DQG LQWHUPHGLDWH SRLQW FORXGV
LQFOXGLQJ LQWHQVLW\ LQIRUPDWLRQ$W WKH WLPHRIRYHUIOLJKW IRUHVW VWUXFWXUDOPHDVXUHPHQWVZHUH
FDUULHG RXW DQG EUDQFKHV ZHUH FROOHFWHG IURP WKH WUHH WRSV IRU DQDO\VLV RI ELRFKHPLFDO OHDI
SURSHUWLHV  
:H LQYHUWHG WKH *257 PRGHO ,1)250 D FRPELQDWLRQ RI 35263(&7 6$,/ DQG )/,0
6SHFWUD IURP WKH ,6 LPDJHV ZHUH VXEMHFWHG WR ,1)250 PRGHO LQYHUVLRQ 2EVHUYDWLRQ DQG
LOOXPLQDWLRQJHRPHWU\VRLOUHIOHFWDQFHVN\OLJKWIUDFWLRQDQGXQGHUJURZWK/$,ZHUHVHWFRQVWDQW
:HFRPSDUH LQYHUVLRQUHVXOWVREWDLQHGE\GLIIHUHQW OHYHOVRI$/6DVVLVWDQFHRQO\ ,6GDWD
ZDVXVHGDVLQSXWQRVWUXFWXUDOYDULDEOHVIURP$/6/$,ZDVGHULYHGIURP$/6DQGIL[HGLQ
WKHPRGHOLQYHUVLRQDQGDOOSRVVLEOHVWUXFWXUDOYDULDEOHVZHUHGHULYHGIURP$/6DQGXVHGLQ
WKHPRGHOLQYHUVLRQ

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A Dual-Wavelength Echidna® Lidar  
For Ground-Based Forest Scanning 

(ZDQ'RXJODV-DVRQ0DUWHO7LPRWK\&RRN&KULVWRSKHU0HQGLOOR5REHUW 
0DUVKDOO6XSUL\D&KDNUDEDUWL$ODQ6WUDKOHU&U\VWDO6FKDDI&XUWLV:RRGFRFN
=KDQ/L'DULXV&XOYHQRU'DYLG-XSS*OHQQ1HZQKDP	-HQQ\/RYHOO

%RVWRQ8QLYHUVLW\%RVWRQ0$86GRXJODVH#EXHGX
8QLYHUVLW\RI0DVVDFKXVHWWV/RZHOO/RZHOO0$86MIPDUWHO#EXHGX
8QLYHUVLW\RI0DVVDFKXVHWWV/RZHOO/RZHOO0$867LPRWK\B&RRN#XPOHGX
%RVWRQ8QLYHUVLW\86FPHQGLOO#EXHGX
6WDQIRUG8QLYHUVLW\3DOR$OWR&$86UDP#VWDQIRUGHGX
8QLYHUVLW\RI0DVVDFKXVHWWV/RZHOO/RZHOO0$86VXSF#EXHGX
%RVWRQ8QLYHUVLW\%RVWRQ0$86DODQ#EXHGX
8QLYHUVLW\RI0DVVDFKXVHWWV%RVWRQ%RVWRQ0$86VFKDDI#EXHGX
%RVWRQ8QLYHUVLW\%RVWRQ0$86FXUWLV#EXHGX
%RVWRQ8QLYHUVLW\%RVWRQ0$86]KDQOL#EXHGX
&6,52/DQGDQG:DWHU0HOERXUQH9,&$6'DULXV&XOYHQRU#FVLURDX
&6,520DULQHDQG$WPRVSKHULF5HVHDUFK&DQEHUUD$&7$6 GDYLGMXSS#FVLURDX
&6,52/DQGDQG:DWHU0HOERXUQH9,&$6*OHQQ1HZQKDP#FVLURDX
&6,520DULQHDQG$WPRVSKHULF5HVHDUFK+REDUW7$6$6-HQQ\/RYHOO#FVLURDX

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Abstract 

$ QHZO\FRQVWUXFWHG JURXQGEDVHG OLGDU VFDQQHU GHVLJQHG IRU DXWRPDWHG UHWULHYDO RI IRUHVW
VWUXFWXUH WKH'XDO:DYHOHQJWK(FKLGQD/LGDU ':(/ VHSDUDWHV ODVHU ³KLWV´ RI OHDYHV IURP
KLWVRIWUXQNVDQGEUDQFKHVXVLQJVLPXOWDQHRXVODVHUSXOVHVDWQPZKHUHOHDIZDWHUFRQ
WHQWSURGXFHV VWURQJDEVRUSWLRQ DQGDWQPZKHUH OHDYHVDQGEUDQFKHVKDYH VLPLODU UH
IOHFWDQFHV7KH':(/XVHVD URWDWLQJPLUURUVFDQPHFKDQLVPRQDUHYROYLQJPRXQWFRXSOHG
ZLWKIXOOGLJLWL]DWLRQRIUHWXUQZDYHIRUPVWRLGHQWLI\ORFDWHDQGSDUDPHWHUL]HVFDWWHULQJHYHQWV
LQWKHWKUHHGLPHQVLRQDOVSDFHDURXQGWKHVFDQQHU 

,QWKH':(/LQVWUXPHQWWKHWZRPHDVXUHPHQWODVHUVDUHWULJJHUHGVLPXOWDQHRXVO\/DVHUSXOVHV
DUH VKDUSO\ SHDNHG WKH\ DUH H[SDQGHG DQG FROOLPDWHG WR D PPEHDP GLDPHWHU H WKHQ
VKDSHGLQWRDWRSKDWFURVVVHFWLRQXVLQJDGLIIUDFWLRQDSSDUDWXV,QWHUFKDQJHDEOHRSWLFVSURYLGH
D EHDP GLYHUJHQFH RI   RU PUDG 6FDQ UHVROXWLRQ KDV WKUHH VHWWLQJV   DQG
PUDG6FDQWLPHYDULHVZLWKUHVROXWLRQPLQDWPUDGPLQDWPUDGDQGKUDW
PUDG7ZRPP ,Q*D$V SKRWRGLRGHVPHDVXUH WKH UHWXUQ VLJQDOZKLFK LV VDPSOHG E\ WZR
GLJLWL]HUVDWJLJDVDPSOHVSHUVHFRQGZLWKELWSUHFLVLRQSURYLGLQJFPVDPSOLQJRIWKH
PSXOVH'DWDDUHRIIORDGHGLQUHDOWLPHYLDJLJDELW(WKHUQHWWRDVHSDUDWHILHOG3&,QVWUX
PHQWZHLJKWLVNJOEVLQFOXGLQJKLJKGHQVLW\OLWKLXPLRQEDWWHULHVWRPHHWWKHSRZHU
UHTXLUHPHQWRI:)LUVWLPDJHVIURPWKH+DUYDUG)RUHVW3HWHUVKDP0$GHPRQVWUDWHWKH
TXDOLW\DQGQHZLQIRUPDWLRQFRQWHQWRI':(/VFDQV

7KH':(/ZDVEXLOWE\WKH&HQWHUIRU6SDFH3K\VLFVDQG&HQWHUIRU5HPRWH6HQVLQJ%RVWRQ
8QLYHUVLW\ZLWKWKHVXSSRUWRI16)JUDQW'%,XVLQJDFRQFHSWIRUDVFDQQLQJOLGDU
WUDGHPDUNHG (FKLGQD GHYHORSHG DQG SDWHQWHG E\ &6,52 86 SDWHQW  $XVWUDOLDQ
3DWHQW1HZ=HDODQG3DWHQW-DSDQHVH3DWHQWDQGRWKHUV 
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Paper Number: #SL2012-056 
Abstract 
 
Fire suppression over the last century has transformed many western U.S. conifer forests from 
open, patchy forests to more homogenous stands with continuous vertical and horizontal 
canopies.  Managers often seek to reintroduce fire to these forests to reduce fuel loads and 
restore pre-suppression structure.  However, they frequently lack information both on the 
present distribution of forest structures and how fire likely will change those structures.  The 
high resolution and landscape coverage of airborne LiDAR could be an important tool for these 
managers, but frequently there are no corresponding field datasets with which to interpret the 
data.  We have developed methods for using the LiDAR data itself to define forest structure 
classes that are ecologically meaningful and relevant to local conditions and goals of forest 
managers.  We illustrate these methods through results from a recently completed study in 
Yosemite National Park.  The Yosemite study area covered an area of 167 km2 that 
experienced widespread mixed severity fires during our study period (1984-2010) but also 
retained substantial areas of unburned forest for comparison.  We used a unique fusion of 
Landsat and airborne LiDAR data.  Landsat measurements of the differenced Normalized Burn 
Ratio (dNBR) provided the history of fire severity over the 26 year period.  From the LiDAR 
data, we measured the physical structure of forests in unburned patches and in patches that 
experienced different fire severities.  Hierarchical cluster analysis was used to examine the 
LiDAR data and define five forest structural classes that differed in height, openness, and 
vertical fuel laddering.  Random forest imputation was used to map these classes across the 
study area. We used the comparison of structure in unburned and burned patches to model how 
different fire severities changed structure across three forest types. 
 
Using our structural metrics, we identified five statistically distinct vertical structure classes: 
open, spare, shorter, multistory, and top story.  We also found three patterns of canopy patches 
and gaps associated with different fire severities:  Canopy/gap patterns have gaps as small 
breaks in otherwise continuous canopy;  Patch/gap patterns have similar proportions of 
interspersed canopy and gap;  Open/patch patterns are open space with interspersed with small 
patches of canopy that are single trees or small tree clumps.  Compared to stands outside fire 
perimeters, increasing fire severity resulted first in loss of canopy cover in lower height strata 
and increased number and size of gaps, then in loss of canopy cover in higher height strata with 
a canopy gap structure, and eventually to open areas with few or no trees.  However, the fire 
severities at which these transitions occurred differed for each forest type. Our fusion of Landsat 
fire severity and LiDAR forest structure measurements allowed us to relate process (fire) to 
resulting change (forest structure).  The results quantified the type and proportion of change 
that occurred with increasing levels of fire severity.  LiDAR data collected over a large study 
area allowed us to clearly distinguish dominant patterns of change between forest types using 
LiDAR data as a primary measurement of forest structure.  
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Assessment of woody plant biomass with lidar and multispectral 
remote sensing 
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Paper Number:!#SL2012-061 
Abstract 
The encroachment of woody plants on grasslands causes the area of grasslands and croplands to 
shrink and reduce the yield of forage crops and agriculture products. Nevertheless, the woody 
plants provide avian and small mammal habitats and enriche biodiversity on grasslands. In 
Texas, honey mesquite (Prosopis glandulosa Torr.) is one of the main species of woody plants 
in the woodland ecosystem. The objective of this study are 1) to use airborne lidar and 
multispectral remote sensing data to assess regional scale honey mesquite biomass, 2) to 
evaluate the differences of the projected available biomass between those two remote sensing 
data. The normalized difference vegetation index (NDVI) was derived from high spatial 
resolution multispectral remote sensing data and the ground reference data were used with 
cokriging interpolation methods to estimate local and regional scale honey mesquite biomass in 
a rangeland area and create a biomass map. Additionally, the height of vegetation has been 
found to have a strong relationship with the vegetation biomass. The height bin data was 
acquired from the lidar point cloud data. The point density of each bin represented the quantity 
of biomass. Thus, airborne lidar data of the same area was used with the ground reference data 
to estimate biomass and create a biomass map. 
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Combining LiDAR and hyperspectral remote sensing data to improve 
information extraction for forestry 
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Abstract 

7KHREMHFWLYHRI WKLVVWXG\ZDV WR LQYHVWLJDWHWKHSRWHQWLDORI WKHFRPELQDWLRQRI/L'$5DQG
K\SHUVSHFWUDOGDWDWRH[WUDFWUHOLDEOHIRUHVWSDUDPHWHUVVXFKDVWUHHVSHFLHVFRPSRVLWLRQVWDQG
GLYHUVLW\DQGIRUHVWYLWDOLW\7KLVSUHVHQWDWLRQZLOOIRFXVRQLPSRUWDQWSURFHVVLQJVWHSVWRREWDLQ
WKLVLQIRUPDWLRQDQGZLOOSUHVHQWWKHUHVXOWVIRUWKHGLIIHUHQWIRUHVWVLWHV

/L'$5DQGK\SHUVSHFWUDOUHPRWHVHQVLQJGDWDZHUHDFTXLUHGRYHUWKUHHGLIIHUHQWIRUHVWVLWHVLQ
%HOJLXP/L'$5GDWDZDVREWDLQHGIURPD7RSR6\VVHQVRU+DUULHUDWIXOOZDYHIRUPZLWKD
SRLQW GHQVLW\ RI WKUHH WR IRXU SRLQWV SHU VTXDUH PHWHU 7ZR K\SHUVSHFWUDO GDWD VHWV ZHUH
DYDLODEOHEDVHGRQGLIIHUHQWVHQVRUV7KHILUVWK\SHUVSHFWUDOVHQVRUZDVWKH&RPSDFW$LUERUQH
6SHFWRJUDSKLF,PDJHU&$6,FRYHULQJWKHYLVXDODQGQHDULQIUDUHGSDUWRIWKHVSHFWUXP
 QP 7KH VHFRQG ZDV WKH QHZO\ GHYHORSHG LPDJLQJ VSHFWURPHWHU E\ D 6ZLVV%HOJLDQ
FRQVRUWLXP RQ EHKDOI RI (6$ WKH $LUERUQH 3ULVP ([SHULPHQW $3(; ,W FRYHUV D ZLGHU
VSHFWUDOUDQJHLQFOXGLQJWKHVKRUWZDYHLQIUDUHGQPZLWKPRUHVSHFWUDOEDQGV2Q
WKHRWKHUKDQGVSDWLDOUHVROXWLRQZDVEHWWHUIRU&$6,PWKDQIRU$3(;P

7KHSURFHVVLQJVWHSVLQYROYHGWKHK\SHUVSHFWUDOGDWDSUHSURFHVVLQJUDGLRPHWULFDQGJHRPHWULF
FRUUHFWLRQDQGH[WUDFWLRQRIIRUHVWVWUXFWXUHLQIRUPDWLRQIURPWKH/L'$5GDWD7KHIXVLRQRI
K\SHUVSHFWUDO DQG/L'$5GDWD LV UHODWLYHO\ QHZDQGPRVW VWXGLHV KDYH IRFXVHG RQ HJ WUHH
VSHFLHVPDSSLQJ+HUHZHVKRZWKHSRWHQWLDORIFRPELQLQJERWKVRXUFHVRIGDWDIRUWKHSUH
SURFHVVLQJ RI K\SHUVSHFWUDO GDWD DQG  WKH H[WUDFWLRQ RI IRUHVW VWUXFWXUH LQIRUPDWLRQ$V DQ
H[DPSOH/L'$5GDWDKHOSHG WR LPSURYH WKHJHRPHWULFDOFRUUHFWLRQRIK\SHUVSHFWUDO LPDJHU\
/L'$5GDWDZHUHDOVRLQYROYHG LQWKHWUDLQLQJSURFHVVRIWKHVXSHUYLVHGFODVVLILFDWLRQRIWUHH
VSHFLHV3XUHUHIOHFWDQFHVSHFWUDZHUHH[WUDFWHGIURPVXQOLWWUHHFURZQVZKLFKZHUHGHOLQHDWHG
IURPDYHJHWDWLRQFDQRS\KHLJKWPRGHOEDVHGRQWKH/L'$5GDWD7RVKRZWKHSRWHQWLDORIWKH
FRPELQDWLRQ RI K\SHUVSHFWUDO DQG /L'$5 GDWD UHVXOWV ZLOO EH SUHVHQWHG IRU WKH IRUHVW
SDUDPHWHUVREWDLQHGZLWKDQGZLWKRXWGDWDIXVLRQ 
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD


VoxLAD: a model for rapid estimation of leaf area distributions in 
broadleaved trees from terrestrial LiDAR measurements 
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Abstract 
7UHH OHDI DUHD UHIHUV WR D NH\ YHJHWDWLRQ VWUXFWXUH SDUDPHWHU IRU WKH VWXG\ RI HFRV\VWHP
IXQFWLRQLQJ DQG ODQGDWPRVSKHUH LQWHUDFWLRQV 7HUUHVWULDO /L'$5 6FDQQHUV 7/6 KROG
JUHDWSRWHQWLDO LQ UHFRUGLQJVSDWLDOO\H[SOLFLW OHDIDUHDGHQVLW\ /$'ZLWKDKLJKOHYHORI
GHWDLO 6WXGLHV RQ WKLV WRSLF KDYH KLJKOLJKWHG VHYHUDO IDFWRUV DIIHFWLQJ OHDI DUHD GHQVLW\
HVWLPDWHV7KHVHIDFWRUVDUHWKHSUHVHQFHRIQRQSKRWRV\QWKHWLFPDWHULDOLQSRLQWFORXGV
OHDILQFOLQDWLRQDQJOHRFFOXVLRQHIIHFWVJDSVLQGDWDFDXVHGE\DUHDVEHLQJVKDGHG
E\SODQWSDUWVSRLQWGHQVLW\FKDQJLQJZLWKGLVWDQFHIURPVFDQQHUDQGODVHUEHDP
VL]H$PHWKRG DGGUHVVLQJ WKH DERYH SRLQWV KDV EHHQ SUHVHQWHG LQ %HODQG et al. 
5HFHQW GHYHORSPHQWV LQ IDVWHU 7/6 LQVWUXPHQWV KDV UHGXFHG FRQVWUDLQV UHODWHG WR
DFTXLVLWLRQ WLPH WKLVRSHQV WKHGRRU WRDQ LQFUHDVH LQ WKHQXPEHURIPHDVXUHPHQWV IURP
GLIIHUHQW VFDQQLQJ SRVLWLRQV HLWKHU WR H[WHQG WKH FRYHUDJH RI WKH VFDQQHG DUHD RU UHGXFH
RFFOXVLRQ HIIHFWV LQ GHQVH FDQRSLHV ,Q RUGHU IRU PRGHOV WR KDQGOH WKH DPRXQW RI GDWD
JHQHUDWHGZHQHHGIDVWPRGHOVDEOHWRPLQLPLVHWKHQXPEHURIFRPSXWDWLRQVDQGLGHDOO\
SURFHVV WKHGDWDXVLQJSDUDOOHOFRPSXWLQJ+HUHZHSUHVHQW WKH9R[/$'PRGHOZKLFKLV
EDVHGRQWKHVDPHYR[HOPDWUL[IUDPHZRUNDVWKHPRGHORI%HODQGet al. (EXWUHOLHV
RQ FRPSXWDWLRQDO JHRPHWU\ LQVWHDG RI UD\ WUDFLQJ FRPSXWDWLRQV DQG LV FDSDEOH RI XVLQJ
PXOWLSOH FRPSXWHU FRUHV IRUSURFHVVLQJDQGPDQDJLQJPHPRU\7KHDOJRULWKPGHYHORSHG
UHODWHV WKH QXPEHU RI SRLQWV RU ODVHU UHWXUQV LQ D YR[HO WR WKH QXPEHU RI ODVHU SXOVHV
HQWHULQJWKHYR[HO7KH%HHU/DPEHUWODZLVWKHQXVHGWRGHULYH/$'EDVHGRQODVHUSXOVH
WUDQVPLVVLRQWKURXJKWKHYR[HO$QH[SHULPHQWFRQGXFWHGWRDVVHVVWKHOHYHORIFOXPSLQJDW
WKH YR[HO VFDOH ±W\SLFDOO\  FP LQ VLGH OHQJWK LV DOVR SUHVHQWHG7KHPRGHO¶V DFFXUDF\
ZDV WHVWHG DJDLQVW GLUHFW ILHOG PHDVXUHPHQWV DQG UHVXOWV VKRZ WKDW LW FDQ EH XVHG WR
DFFXUDWHO\HVWLPDWHWKH'/$'GLVWULEXWLRQZLWKLQFDQRSLHV7KLVPRGHOUHSUHVHQWVJUHDW
SRWHQWLDO IRU XVDJH ZLWKLQ VWXGLHV ORRNLQJ DW WKH FDOLEUDWLRQ DQG YDOLGDWLRQ RI SURGXFWV
GHULYHGIURPDHULDO/L'$5PHDVXUHPHQWVDVZHOODVRWKHURSWLFDOHDUWKREVHUYLQJV\VWHPV
7KHPRGHO LV FRGHG LQ0DWODE DQG FDQ EHPDGH DYDLODEOH XSRQ UHTXHVW DGGUHVVHG WR WKH
FRUUHVSRQGLQJDXWKRU
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Abstract 
 
The demand for efficient collection of information about forest resources and its allocation has 
been the driving force for research being conducted on remote sensing techniques in forest 
inventory in the last years. Remote sensing data are usually analyzed on plot level (area based) or 
on single tree level (object based). In contrast to the object based approach the area based approach 
has reached operational status in some countries. However, for an accurate forest resource 
estimation knowledge of tree types and their composition is essential but cannot be derived from 
data collected on plot level. 
We present an approach for an object based classification of forest inventory plots into broadleaf, 
coniferous and mixed ones using remote sensing data. The data set consists of countrywide 
airborne laser scanner (ALS) data (0.5 points/m2), countrywide color infrared (CIR) images (near 
infrared, red and green band), national forest inventory (NFI) data and field data from a species 
trial in Denmark. The ALS data were collected during leaf-off season in 2006/07. The NFI data and 
the data from the species trial were collected in the same period. The CIR images were taken 
during leaf-on season between middle of May and middle of July 2010. 
Model development is conducted on the plots of the species trial where the species of each tree is 
precisely known. The model is applied on NFI plots. In the first step a segmentation of single trees 
or tree groups of the same type is conducted using segmentation tools of the Trimble eCognition 
software. In the second step the classification of each object is performed. The segmentation is 
based on the spectral information of the CIR images and the raw ALS points. Each segment is 
separated into sub-objects of sunlit and shadowed part. For each whole segment ALS based 
variables and for each sunlit part of each segment CIR based variables are derived. ALS based 
variables include the proportion of last pulse hits on vegetation and on the ground and height 
percentiles and density metrics of all pulses. CIR based variables include minimum, mean and 
maximum band values and HSI (hue, intensity, saturation) transformation values of the 
multispectral data. An unsupervised fuzzy classification of each segment into broadleaf or conifer 
is performed. Finally each plot is assigned to one of three categories broadleaf, conifer or mixed 
depending on the fraction of area covered by broadleaf and conifer segments. 
Preliminary classification results on the species trial based on a limited set of variables showed an 
overall accuracy of 80% and a kappa coefficient of 0.5. This pre-stratification into broadleaf, 
conifer or mixed plots allows for the selection of an appropriate model to estimate forest resources 
of pure or mixed stands. 
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Small area estimation using ALS data 
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Abstract 

7KH HVWLPDWLRQ RI IRUHVW DWWULEXWHV HJ WLPEHU YROXPH RU ELRPDVV IRU VPDOO XQLWV VXFK DV
VWDQGV LV D WUDGLWLRQDO ILHOG RI DLUERUQH ODVHU VFDQQLQJ $/6 EDVHG IRUHVW LQYHQWRULHV 6XFK
$/6EDVHG IRUHVW LQYHQWRULHV $),V ZHUH DPRQJ WKH ILUVW RSHUDWLRQDO DSSOLFDWLRQV RI $/6
ZLWKLQ WKH IRUHVWU\ UHDOP $),V UHO\ RQ WKH DYDLODELOLW\ RI ZDOOWRZDOO $/6 GDWD DQG ILHOG
VDPSOHSORWVWKDWDUHXVHGWRPRGHOWKHUHODWLRQEHWZHHQILHOGREVHUYDWLRQVDQG$/6PHWULFV 

,Q JHQHUDO VPDOO DUHD HVWLPDWLRQ 6$( SURYLGHV D ODUJH VHW RI PRGHOGHSHQGHQW WRROV WR
HVWLPDWH IRUHVW SDUDPHWHUV LQ $),V 5DR  ,Q SUDFWLVH KRZHYHU WKH V\QWKHWLF HVWLPDWRU
DSSHDUVWREHXVHGPRVWIUHTXHQWO\,QDGGLWLRQXQFHUWDLQWLHVDULVLQJIURPVWDWLVWLFDOPRGHOVDQG
WKHYDULDELOLW\RIWKH$/6GDWDLQWKHVWDQGDUHIUHTXHQWO\QHJOHFWHG7KLVFDQOHDGWRDFFHSWDQFH
SUREOHPVDQGELDVHGSURMHFWLRQV

,QRXUVWXG\DUHD/DUGDOLQVRXWKHDVWHUQ1RUZD\VWDQGVZHUHUDQGRPO\VHOHFWHG7UHHVRQ
VHYHQ VDPSOH SORWV ZLWK P UDGLXV ZHUH PHDVXUHG ZLWKLQ HDFK VWDQG DFFRUGLQJ WR WKH
SURWRFROV RI WKH1RUZHJLDQ1DWLRQDO )RUHVW ,QYHQWRU\ 11), ,Q DGGLWLRQ 11), VDPSOH
SORWV RQ D [NP JULG ZHUH DYDLODEOH +LJKGHQVLW\ $/6 GDWD ZHUH XVHG DV DX[LOLDU\
LQIRUPDWLRQ$OLQHDUPL[HGHIIHFWVPRGHO/0(0ZLWKDUDQGRPLQWHUFHSWRQWKHVWDQGOHYHO
ZDVILWWRSUHGLFWELRPDVVSHUKHFWDUH7KHUHVLGXDOVEDVHGRQWKHIL[HGHIIHFWVRQO\KDGDFOHDU
FRUUHODWLRQRQVWDQGOHYHOZKLFKZRXOGUHVXOWLQELDVHVRIV\QWKHWLFHVWLPDWHV,WVKRXOGEHQRWHG
WKDW WKLV ELDV LV QRW D UHVXOW RI WKH FOXVWHUHG VDPSOLQJ DQG VLPLODU ELDVHV DUH H[SHFWHG LI DOO
VDPSOHSORWVZHUHV\VWHPDWLFDOO\GLVWULEXWHGRYHUWKHVWXG\DUHD

7KH XVH RI D /0(0 LV WKH EDVH IRU WKH HPSLULFDO EHVW OLQHDU XQELDVHG SUHGLFWLRQ (%/83
HVWLPDWRUZKLFKFRPELQHVILHOGDQGUHPRWHVHQVLQJGDWDLQDQRSWLPDOPDQQHU%UHLGHQEDFK	
$VWUXS7KHPHDVXUHPHQWRIIHZVDPSOHSORWVZLWKLQDVWDQGZDVVXIILFLHQWWRFDOLEUDWH
WKH UDQGRP HIIHFW ZKLFK UHGXFHV WKH ELDV GUDPDWLFDOO\ ,Q SUDFWLVH WKLV FDQ EH HVSHFLDOO\
LQWHUHVWLQJ IRU KLJKYDOXHG VWDQGV WKDW DUH FORVH WR WKH ILQDO KDUYHVW +HQFH WKH (%/83
HVWLPDWRU SURYLGHV D JRRG SRVVLELOLW\ IRU FRPELQLQJ )RUHVW 0DQDJHPHQW ,QYHQWRULHV DQG
1DWLRQDO )RUHVW ,QYHQWRULHV DOORZLQJ V\QHUJLVWLF XVH RI UHVRXUFHV ILHOG SORWV DQG
UHPRWHO\VHQVHGGDWDRQERWKOHYHOV

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Abstract  

7HUUHVWULDO/DVHU6FDQQHUVDUHEHFRPLQJOLJKWHUIDVWHUDQGFKHDSHUDQGDUHWKHUHIRUHEHFRPLQJ
LQFUHDVLQJO\SRSXODU LQIRUHVW LQYHQWRU\FRQFHSWV0DQ\ UHFHQW VWXGLHVKDYH IRFXVVHGRQVWHP
GHWHFWLRQ XQGHUPRUH RU OHVV FRQWUROOHG FRQGLWLRQV 7KLV LQFOXGHV WKH UHJLVWUDWLRQ RIPXOWLSOH
VFDQVRUVFDQVRSWLPDOO\SRVLWLRQHGZLWKLQDVWDQGWRJXDUDQWHHJRRGGHWHFWLRQUHVXOWV  ,QWKLV
VWXG\ZHDUHHYDOXDWLQJWKHLPSOHPHQWDWLRQRI7/6V\VWHPVLQWKHQDWLRQDOIRUHVWLQYHQWRU\RI
*HUPDQ\IRUVWHPVDPSOHVL]HDQGVWHPDWWULEXWHV6SHFLDOIRFXVOLHVRQWKHHIIHFWRIRFFOXVLRQ
1DWLRQDO LQYHQWRULHV UHO\ RQ JULG EDVHG SHUPDQHQW VDPSOH SORWVZKHUH UHSHWLWLYH VXUYH\V DUH
FRQGXFWHG,Q*HUPDQ\WKHFRQFHSWRIYDULDEOHUDGLXVVDPSOHGHVLJQLVDSSOLHG,QWKLVGHVLJQ
VDPSOH WUHHVDUHFKRVHQEDVHGRQ WKHLUGLVWDQFH WR WKHSORWFHQWUHDQG WKHLUGLDPHWHUDWEUHDVW
KHLJKWGEK  7RHQVXUHUHVXOWFRPSDUDELOLW\DQGEHFRQVLVWHQWZLWKQDWLRQDOLQYHQWRU\GHVLJQ
WKH VFDQQHU VKRXOG EH SODFHG RQ SORW FHQWUHV 7KHVH DUH QRW QHFHVVDULO\ JRRG SRVLWLRQV IRU
7/6VFDQV IRU H[DPSOH LQ WKH FDVH RI DQ ROG WUHH FORVH WR WKH SORW FHQWUH UHVXOWLQJ LQ KLJK
RFFOXVLRQ 6LQJOH VFDQ PRGH ZDV FKRVHQ IRU WKLV VWXG\ EHFDXVH ZH EHOLHYH WKLV OHVV
WLPHGHPDQGLQJPHWKRG LVPRVW UHDOLVWLF IRU VXFK LQYHQWRULHV:HXVHGDFOXVWHUDOJRULWKP WR
DXWRPDWLFDOO\ GHWHUPLQH WUHHV LQ WKH SRLQW FORXG DQG GHULYH EDVH LQYHQWRU\ SDUDPHWHUV GEK
KHLJKW %HIRUH FOXVWHULQJ JURXQG SRLQW FODVVLILFDWLRQ DQG ILOWHULQJZHUH DSSOLHG WR WKH SRLQW
FORXG  7KHFOXVWHULQJDSSURDFKXVHGLVEDVHGRQQHLJKERXUKRRGGLVWDQFHVLQ'VSDFHDQGD
GLVWDQFH WKUHVKROG7KH VKDSH RI WKH FOXVWHUV LV WKHQ LQVSHFWHG E\ WHVWLQJ WKHLU SRLQWV DJDLQVW
F\OLQGHU JHRPHWU\&OXVWHUVPHHWLQJ WKH JHRPHWULFDO UHTXLUHPHQWV DUH WKHQ FODVVLILHG DV WUHHV
DQGIXUWKHUSURFHVVHGWRGHULYHLQYHQWRU\SDUDPHWHUV7KHUHVXOWVKDYHEHHQFRPSDUHGWRRIILFLDO
LQYHQWRU\UHVXOWVPDSSHG LQ WKHVDPHWLPHSHULRGDVWKH7/6DFTXLVLWLRQ:LQWHU
VDPSOHSORWVZHUHDQDO\VHGLQVWDQGVGRPLQDWHGE\GHFLGXRXVWUHHV7KHSORWVGLIIHULQWHUPV
RI XQGHUVWRU\ DQG DJH 1DWLRQDO LQYHQWRU\PDSSHG EHWZHHQ  VDPSOH WUHHV SHU SORW:H
IRXQGEHWZHHQ«VDPSOHWUHHVRYHUDOOLQWKH7/6VFDQV,QWRWDORIWKHGHWHFWHGWUHHV
ZHUH WKHVDPHDV WKRVHFKRVHQE\ WKHYDULDEOH UDGLXV VDPSOHGHVLJQRI WKHPDQXDO LQYHQWRU\
:KHQ FRPSDULQJ WKH DWWULEXWHV RI WKH PDQXDO LQYHQWRU\ ZLWK WKH GDWD GHULYHG IURP RXU
DXWRPDWLF WUHHGHWHFWLRQDOJRULWKPZHFDQFRQFOXGHWKDW7/6PHDVXUHPHQWVRQIL[HGSRVLWLRQ
SORWV DUH D VXLWDEOH WRRO WR LQFOXGH LQ WKH VWDQGDUG LQYHQWRU\ SURFHGXUH7KH RFFOXVLRQ HIIHFW
VHHPVWREHQRWPXFKLQIOXHQFLQJWKHWUHHVHOHFWLRQ,QDGGLWLRQ7/6GDWDFRQWDLQVDGGLWLRQDO
LQIRUPDWLRQWRWKDWFROOHFWHGE\WUDGLWLRQDOLQYHQWRULHVVXFKDVWDSHUVZHHSDQGEUDQFKLQHVV 
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Quantification of biomass change in young forest using airborne laser 
scanner data 

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(PDLOURDURNVHWHU#XPEQR

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Abstract  

,QRUGHUWRFRPSO\ZLWKWKHUHSRUWLQJUHTXLUHPHQWVRIWKH81&OLPDWH&RQYHQWLRQLQFRXQWULHV
ZKHUHGDWDIURPILHOGVXUYH\VDUHODFNLQJOLNHIRUH[DPSOHLQPDQ\WURSLFDOFRXQWULHVWKHUHLVD
QHHGIRUDQHIILFLHQWWRROWRPRQLWRUFKDQJHVLQELRPDVV7RREWDLQGDWD LQDFRVWHIILFLHQWZD\
RYHUODUJHDUHDVXVHRIUHPRWHVHQVLQJWHFKQLTXHVLVUHTXLUHG$LUERUQHODVHUVFDQQLQJ$/6LV
DSURPLVLQJUHPRWHVHQVLQJWHFKQLTXHWRDVVLVWHVWLPDWLRQRIELRSK\VLFDOSURSHUWLHVRIWUHHVDQG
IRUHVWV3UHYLRXV VWXGLHVXVLQJ$/6GDWD IRU IRUHVW LQYHQWRU\SXUSRVHVKDVPDLQO\ IRFXVHGRQ
PDWXUHIRUHVWVEHFDXVHWLPEHUKDVEHHQWKHPRVWLPSRUWDQWUHVRXUFH+RZHYHUEHFDXVHELRPDVV
DQGELRPDVVFKDQJHVDUHLPSRUWDQWUHODWHGWRFKDQJHVLQFDUERQVWRFNVIRUHVWVRIDOODJHVZLOO
EHRI LQWHUHVW7KH DLPRI WKLV VWXG\ZDV WR H[SORUH WKH FDSDELOLW\RIPXOWLWHPSRUDO DLUERUQH
ODVHU VFDQQHU WRTXDQWLI\ WKH FKDQJHRI WRWDO DERYHJURXQG WUHHELRPDVV LQ\RXQJ IRUHVWV7KH
SUHFLVLRQDQGDFFXUDF\RIWZRGLIIHUHQWPHWKRGVZHUHFRPSDUHG

7KH VWXG\ DUHD LV ORFDWHG LQ WKH PXQLFLSDOLW\ RI 9nOHU VRXWKHDVWHUQ 1RUZD\ 7KH ILHOG GDWD
FRQVLVWVRIFLUFXODUSORWVIURP\RXQJIRUHVWHDFKPLQVL]H)LHOGDQG$/6GDWDZHUH
FROOHFWHG LQDQG UHPHDVXUHG LQ7KHGDWD FRYHUJURZWK VHDVRQV DQG WKHPHDQ
FKDQJHRIELRPDVVGXULQJ WKLVSHULRGZDV0JKDZLWK DQ LQLWLDOPHDQELRPDVVRI 
0JKD

7RWDO DERYHJURXQG ELRPDVV DQG ELRPDVV FKDQJH ZHUH PRGHOHG XVLQJ H[SODQDWRU\ YDULDEOHV
GHULYHG IURP$/6 GDWDZLWK RUGLQDU\ OHDVW VTXDUHV'LIIHUHQW WKUHVKROGV WR VHSDUDWH EHWZHHQ
YHJHWDWLRQDQGJURXQGHFKRHVZHUHWHVWHGEXWWKHUHVXOWVUHYHDOHGQRPDMRUGLIIHUHQFHVEHWZHHQ
WKH FKRLFHV RI WKUHVKROGV +RZHYHU D ORZ WKUHVKROG ZLOO FDSWXUH PRUH RI WKH YDULDELOLW\ LQ
\RXQJIRUHVWVDQGDWKUHVKROGRIPZDVWKHUHIRUHFKRVHQ2QO\WKHILUVWUHWXUQRIWKH$/6
GDWDZDVFRQVLGHUHGLQWKLVVWXG\ 

7KH ILUVWPHWKRG 0HWKRG  HVWLPDWHV FKDQJH LQ ELRPDVV E\PHDQV RI WZRPRGHOV LH RQH
PRGHOIRUSUHGLFWLQJELRPDVVDWHDFKSRLQWLQWLPH7KHFKDQJHZDVHVWLPDWHGDVWKHGLIIHUHQFH
EHWZHHQ WKH SUHGLFWHG ELRPDVV LQ  DQG SUHGLFWHG ELRPDVV LQ  7KH VHFRQG PHWKRG
0HWKRGZDVDGLUHFWHVWLPDWLRQRIELRPDVVFKDQJH7KHREVHUYHGGLIIHUHQFHVEHWZHHQ WKH
ILUVWUHWXUQKHLJKWSHUFHQWLOHVDQGGHQVLW\YDULDEOHVREWDLQHGIURP$/6GDWDRQWKHWZRSRLQWVLQ
WLPH ZHUH XVHG DV H[SODQDWRU\ YDULDEOHV DQG WKH REVHUYHG ELRPDVV FKDQJH ZDV XVHG DV WKH
UHVSRQVH 

7KHWZRPHWKRGVZHUHHYDOXDWHGXVLQJFURVVYDOLGDWLRQ7KHGLIIHUHQFHVEHWZHHQWKHHVWLPDWHG
DQGWKHREVHUYHGELRPDVVFKDQJHIRUERWKPHWKRGVZHUHQRWVLJQLILFDQWO\GLIIHUHQWIURP7KH
506(YDOXHVZHUHDURXQGRIWKHPHDQREVHUYHGELRPDVVFKDQJHIRUERWKPHWKRGV7KXV
WKHWZRPHWKRGVVHHPHGWREHTXLWHVLPLODULQWHUPVRIDFFXUDF\EXW0HWKRGDSSHDUHGWREH
VOLJKWO\EHWWHUWKDQ0HWKRG7KHFKRLFHRIPHWKRGIRUTXDQWLILFDWLRQRIELRPDVVFKDQJHZLOO
SUREDEO\EHGHSHQGHQWRQWKHW\SHRIIRUHVW

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Bergvik Skog AB owns 1.9 million hectares of productive forest land in Sweden, corresponding to 8% 
of all Swedish productive forest land. The annual felling amounts to more than 6 million m3. Stand-
level forest information is stored in a GIS-based stand register comprising 245,000 stands. The stand 
register information is used for various forest planning activities at the strategical, tactical and 
operational levels, representing different time horizons and complexity of decision problems. The 
information has been acquired over 20-30 years and using different field inventory and remote sensing 
methods, and hence the accuracy of the information is varying, but generally poor. For example, the 
standard error for stand-level standing volume per hectare in the stand register is 25-40%. Until 
recently, field-based sample-plot inventories were done following all forest management activities, to 
update the stand register with information to serve as a basis for following planning activities. The 
inventory cost of such sample-plot inventories ranges from $5 to $30 per hectare, and the expected 
standard error for e.g. standing volume varies around 10-15%. 
Estimating forest variables from LiDAR data using the area-based method renders similar or higher 
accuracy than that of sample-plot inventories for forest variables such as standing volume and mean 
height. When also considering the fairly low price for such data, ranging from $2 to $4 per hectare, 
LiDAR-based forest inventories stand out as very competitive compared to sample-plot inventories. 
Hence Bergvik Skog AB has decided to describe all of its forest land using the area-based method, 
and this presentation will briefly summarize how we incorporate and utilize the new data in our 
planning activities. 
The new datasets obtained from the LiDAR inventory includes a vector data 15×15 m square grid 
dataset containing forest variables, an automatically updated stand delineation based on a vegetation 
height raster, a new digital terrain model and some derived terrain layers. The new stand delineation 
and stand mean variables usually replaces the old information in the stand register. However, stand 
information which has been acquired and updated post-scanning (due to e.g. harvesting activities) is 
generally preserved. This poses a challenge, since we want to replace novel but poor as far as 
possible, to avoid discarding high-quality LiDAR-based forest data which in fact are more accurate, 
although older.  
This updated stand register information serves as a base for improved forest- and stand-level strategic 
and tactical planning. For tactical and operational aspects – such as identifying dense areas for 
thinning, regardless of stand delineation – processed versions of the grid are used in new work 
routines. Replacing old, poor stand-level information with high-accuracy, spatially comprehensive 
information poses a great challenge both technically and organizationally. To make the most out of 
our investment in new information, and to identify and fully realize its potentials, much more work 
still remains.!
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Operational Inventory from low density airborne LiDAR:  
approaches for model estimation 
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Operational Inventory from low density airborne LiDAR: approaches for model 
estimation 

1RQSDUDPHWULFWHFKQLTXHVN11DQGUDQGRPIRUHVWDUHXVHGWRSURGXFHDPUDVWHUEDVHG
IRUHVW LQYHQWRU\ IURP UHODWLYHO\ ORZ GHQVLWLHV RI /L'$5 a  SXOVH SHU P DQG WKH UHVXOWV
FRQWUDVWHG ZLWK WUDGLWLRQDO SDUDPHWULF UHJUHVVLRQ  3UHYLRXV ZRUN ZLWK WUDGLWLRQDO SDUDPHWULF
UHJUHVVLRQGHPRQVWUDWHGVLJQLILFDQWGLIIHUHQFHVLQSUHGLFWLRQPRGHOVE\IRUHVWW\SH:RRGVHWDO
 QHFHVVLWDWLQJ HLWKHU SUHGLFWLRQ RI IRUHVW W\SH IURP /L'$5 RU DQRWKHU VRXUFH VXFK DV
PDQXDO LQWHUSUHWDWLRQ IURP DHULDO SKRWRJUDSKV  5DQGRP )RUHVW DQG N11 DUH FRPPRQ
QRQSDUDPHWULF WHFKQLTXHV DQG DUH OHVV UHOLDQW RQ SULRU VWUDWLILFDWLRQ  5DQGRP )RUHVW LQ
SDUWLFXODU LV VKRZQ WR SHUIRUP ZHOO FRPSDUHG WR SDUDPHWULF UHJUHVVLRQ DQG N11  7KH
DGYDQWDJHVDQGGLVDGYDQWDJHVRIUDQGRPIRUHVWN11LPSXWDWLRQDQGSDUDPHWULFUHJUHVVLRQDUH
FRQWUDVWHGRQWKH+HDUVW)RUHVWLQERUHDO2QWDULR&DQDGD

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Branch growth and tree change detection using  
terrestrial laser scanning 
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Abstract 

:H KDYH GHYHORSHG D FRPSXWDWLRQDO PHWKRG WR SURGXFH DXWRPDWLFDOO\ FRPSUHKHQVLYH DQG
TXDQWLWDWLYHPRGHOVRIWUHHVIURPWHUUHVWULDOODVHUVFDQQLQJGHULYHGSRLQWFORXGV5DXPRQHQHWDO
 7UHH VXUIDFH LV PRGHOHG ORFDOO\ ZLWK F\OLQGHUV ZKRVH VL]H RULHQWDWLRQ DQG ORFDWLRQ
GHVFULEHWKHORFDOJHRPHWULFGHWDLOVRIWKHWUHH$OVRWKH'EUDQFKLQJVWUXFWXUHLVFRQWDLQHGLQWKH
PRGHO)URPWKHPRGHOZHFDQHDVLO\FDOFXODWHHJRYHUWKHJURXQGYROXPHDQGEUDQFKVL]H
GLVWULEXWLRQ$OVRPRUH GHWDLOHG LQIRUPDWLRQ VXFKDVGLDPHWHU SURILOHV RI VLQJOH EUDQFKHV DQG
EUDQFKLQJDQJOHVDUHHDVLO\DYDLODEOHIURPWKHPRGHO7KHVHWUHHFKDUDFWHULVWLFVFDQEHXVHGHJ
IRUPRGHOVRIFDUERQIRRWSULQWIURPGHFD\LQJYVHQHUJ\XVH
7KLVSDSHUGHVFULEHVDQDSSOLFDWLRQRI7/6GDWDDQGWKHWUHHPRGHOLQJWRSURGXFH'
WUHH PRGHOV E\ WLPH VHULHV RI WUHH JURZWK FKDQJH DQG OLWWHULQJ GXULQJ JURZLQJ VHDVRQV LQ
TXDQWLWDWLYHOHYHO0DQ\RIWKHVHFKDUDFWHULVWLFVKDYHEHHQGLIILFXOWRUHYHQLPSRVVLEOHWRPHDVXUH
RSHUDWLRQDOO\ WKH PHDVXUHPHQW UHTXLUHV FXWWLQJ ZKLFK WKHQ OLPLWV WKH VWXG\ WR D VLQJOH
PHDVXUHPHQWLQVWHDGRIHJWLPHVHULHVDQGODERULRXVPDQXDODQGILHOGPHDVXUHPHQWVVRPHRI
WKHPYHU\KDUGWRSHUIRUPHIILFLHQWO\RUDFFXUDWHO\
2QH ZD\ WR HVWLPDWH WUHH SDUDPHWHUV VXFK DV ELRPDVV LV WR XVH VWDWLVWLFDO PRGHOV
GHYHORSHGIURPGHWDLOHGPDQXDOPHDVXUHPHQWV7KHVLPSOLILHGVWDWLVWLFDOPRGHOVDUHOLPLWHGLQ
DFFXUDF\DQGFDQQRWJLYHDFFXUDWHTXDQWLWDWLYHLQIRUPDWLRQRQDVLQJOHWUHHDQGFHUWDLQO\QRWIRU
DVLQJOHEUDQFKRURWKHUPRUHGHWDLOHGUHJLRQVRIWKHWUHH:HVKRZWKDWRXUPHWKRGEDVHGRQ7/6
DQG DFFXUDWH ORFDO F\OLQGHU DSSUR[LPDWLRQ RI WKUHH EUDQFK VWUXFWXUH LV FDSDEOH RI SURGXFLQJ
GHWDLOHGLQIRUPDWLRQRQWKHEUDQFKOHYHOFKDQJHVLQWUHHVVXFKDVJURZWKDQGOLWWHULQJRYHUWLPH
,Q WKLV SDSHU ZH SUHVHQW WKH ILUVW UHVXOWV DQG D YDOLGDWLRQ VFKHPH XVLQJ 7/6 DQG PDQXDOO\
PHDVXUHGFKDQJHVLQEUDQFKYROXPH

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Abstract  
 
A new method for retrieval of leaf area index (LAI; m^2) and foliage area volume density 
(FAVD; m^2 LAI/m^3 volume) of forest stands uses voxels derived from a three-dimensional 
point cloud of scattering events observed in registered forest scans using a full-waveform, 
ground-based lidar, the Echidna® Validation Instrument (EVI). The voxelization process uses 
the attributes of scattering events, including the gap probability to the event, its apparent 
reflectance, and the volume associated with the return of the laser pulse, to produce the 
volumetric dataset. Classification procedures(Yang et al. 2012), based on the shape of the laser 
pulse returned to the instrument, separate trunk from foliage scattering events. Measurements or 
estimates of leaf reflectance, leaf-to-fine-branch ratio, and clumping at the scale of the pulse 
width or finer are required. Leaf angle distribution is accommodated with a simple model based 
on gap probability with zenith angle as observed in individual scans of the stand. An important 
advantage of the method is that coarse-scale (between-crown) clumping is observed directly and 
does not require parametric correction. For validation, we compare LAI and FAVD profiles 
retrieved directly from the voxelized 3-D forest reconstructions with those observed in airborne 
and field measurements.  
Previous studies on single EVI scans using azimuth-averaged gap probability with zenith 
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angle (Jupp et al. 2009; Zhao et al. 2011) have shown LAI and FAVD estimations to agree well 
with those of traditional hemispherical photos and LAI-2000 measurements. By merging point 
clouds constructed from overlapping EVI scans, vegetation stands are reconstructed in 3-D 
space (Strahler et al. 2008; Yang et al. 2012), allowing virtual direct representation of biomass 
distribution. 
Voxelized 3-D forest reconstructions derived from EVI point clouds provide a pathway to 
estimate “ground truth” FAVD, LAI, and biomass without destructive sampling. They can be 
used to validate large-footprint spaceborne and airborne lidar systems, thus facilitating 
large-area inventories. The enhanced characterization of leaf area distribution is of interest to 
both land biogeoscientists who require bulk vegetation biomass measures and to atmospheric 
biogeoscientists, who require information on surface roughness, photosynthesis, and respiration 
processes. Moreover, the EVI can be deployed to monitor disturbance and deforestation 
detected by optical sensors, such as MODIS or Landsat, to provide better calibration of the type 
and nature of change. 
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Paper Number: SL2012-108 
 
Abstract  
 
The nature of forest structure (e.g., canopy cover, distribution of overstory and understory, 
foliage density, forest gaps, stand-scale variability, forest fragmentation, availability of standing 
deadwood, and forestry practices) is an important contributor to the maintenance of successful 
bat populations. In order to study bat foraging behavior with respect to forest structure, we 
combined thermal imaging technology with a ground-based lidar system to reconstruct 
Eptesicus fuscus (big brown bats) flight trajectories in three-dimensional space.  
Flight trajectories of bats were reconstructed using imaging data from FLIR ThermoVision® 
SC8000 cameras at a bat roosting and maternity site in Petersham, MA, and co-registered to a 
three-dimensional forest reconstruction built from nine Echidna® Validation Instrument (EVI) 
scans at the site. Patterns of flight trajectories during first five seconds of emergence from the 
roosting barn showed the bats chose different flight routes to forage along the edge of a forest 
and into the understory.  
Study of the flight velocity and height categorized the 24 identified flight trajectories of bats 
into different behavior groups. Results of the five second period immediately after they emerged 
from the barn showed that during the first second, bats speeded up and dropped height. In the 
2nd second, they slowed down and adjusted flight direction. In the third second, some bats 
slowed down further while others speeded up as they all continued to drop in height. They 
spread into forest following the fourth second of flight. Although all bats were guided by 
echolocation, different groups of bats were traced along different flying routes to avoid hitting a 
tree that was in their flight path. 
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This study is an initial demonstration that breaks new ground for future ecological studies in 
which flight trajectories of bats are coupled with the canopy reconstructions to better establish 
their responses to different habitat characteristics.  
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Using terrestrial lidar to quantify gap fraction in boreal forests 
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Abstract 

7KHZRUNSUHVHQWHGKHUH LV SDUW RID ODUJHUSURMHFWZKLFK DLPV WR LPSURYHQXPHULFDOPRGHOV
XVHG IRUZHDWKHUFOLPDWHDQGZDWHUDYDLODELOLW\SUHGLFWLRQV/DQGVXUIDFHPRGHOV /60VDUH
XVHGLQJHQHUDOFLUFXODWLRQPRGHOVWRPDNHSUHGLFWLRQVRIFOLPDWHDQGZDWHUDYDLODELOLW\6QRZ
KDV D GUDPDWLF HIIHFW XSRQ WKHVH SURFHVVHV KRZHYHU LW LV D NQRZQ ZHDNQHVV RI /606
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DOORZXV WRGHWHUPLQHKRZ IRUHVWV LQWHUDFWZLWK UDGLDWLRQ 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PXFKUHDFKHVWKHVQRZDQGFRQWULEXWHVWRWKHPHOWHQHUJ\
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
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 2 


7KLVLVSDUWRID1(5&IXQGHGSURMHFWJUDQWQXPEHU1(+ZKLFKDLPVWRLPSURYHWKH
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Abstract 
 
A detailed understanding of how forest composition, structure, and function will be impacted by 
projected climate change and related adaptive forest management activities are particularly 
lacking at local scales, where on-the-ground management activities are implemented. Climate 
sensitive forest growth models may prove to be effective tools for developing a comprehensive 
understanding. However, to be applicable to both regional forest planning and operational forest 
management, modeling approaches must be capable of simulating forest dynamics across large 
spatial extents (required for regional planning) while maintaining a high-level of spatial detail 
(required for operational management). LiDAR remote sensing has shown great utility for 
operational forest management, including forest growth modeling, albeit across relatively small 
spatial extents. We present a geospatial modeling approach to spatially initialize two separate 
climate-sensitive forest growth models (Climate-FVS and LANDIS-II) across unique 
ecoregions (in terms of forest structure and composition) in the Pacific Northwest of the US via 
an integration of sub-orbital LiDAR data with satellite remote sensing data. The system 
provides detailed forest inventory information - at both the landscape and ecoregion level - that 
is subsequently employed to demonstrate how climate sensitive growth and yield models can be 
used to 1) investigate the potential impacts of climate change on future forest composition and 
structure, and 2) assess how various forest management practices may either enhance or degrade 
forest resilience to changing climate and disturbance regimes. 
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Abstract 

6WDQGVWUXFWXUHLVWKHYHUWLFDODQGKRUL]RQWDOYDULDWLRQRIWUHHVLQVWDQGV  ,QWKLVVWXG\V\VWHPV
RI VWDQG VWUXFWXUH JURXQG SORW FODVVLILFDWLRQ DUH FRQVWUXFWHG XVLQJ IX]]\ FPHDQV FOXVWHULQJ
DFFRUGLQJ WR VLPLODULWLHVDQGGLIIHUHQFHV LQFXPXODWLYHGLVWULEXWLRQVRIERWKVWHPVSHUKHFWDUH
DQGEDVDODUHDSHUKHFWDUHZLWKUHVSHFWWRGLDPHWHUDWEUHDVWKHLJKW 

7KHIRFXVRIWKLVSDSHULVRQWKHUHOLDELOLW\RI$/6GDWDIRUFODVVLI\LQJVWDQGVWUXFWXUHZLWKDQG
ZLWKRXWJURXQGSORWFDOLEUDWLRQ7KHVWXG\DUHDZDVORFDWHGLQWKHVRXWKZHVWRI$OEHUWDQHDUWKH
HDVWHUQERXQGDU\RI%DQII1DWLRQDO3DUN7KH VWXG\DUHD FRYHUHGKDRI IRUHVWHG ODQG 
7KHIRUHVWVDUHGRPLQDWHGE\ORGJHSROHSLQH3LQXVFRQWRUWDYDUODWLIROLD'RXJOH[/RXG3O
ZKLWHVSUXFH3LFHDJODXFD0RHQFK9RVV6ZDQGDVSHQ3RSXOXVWUHPXORLGHV0LFK[$Z
7KHVH DQG RWKHU VSHFLHV RIWHQ JURZ DV PL[HGVSHFLHV VWDQGV UHVXOWLQJ LQ ERWK YHUWLFDO DQG
KRUL]RQWDOFRPSOH[LW\

7KLV LQYHVWLJDWLRQ DGGUHVVHG WKH IROORZLQJ TXHVWLRQV  +RZ ZHOOFRUUHODWHG DUH $/6 DQG
JURXQGOHYHOGDWD" &DQSUHH[LVWLQJJURXQGFODVVHVEHGLVWLQJXLVKHGDFFRUGLQJ WR VHOHFWHG
$/6YDULDEOHV",IQHZV\VWHPVRIFODVVLILFDWLRQDUHGHYHORSHGXVLQJ$/6GDWDDORQHKRZ
ZHOOGRWKHVH$/6FODVVHVUHODWHWRGLVWULEXWLRQVRIERWKVWHPVDQGEDVDODUHDSHUKDE\'%+IRU
GHWHUPLQLQJ JURXQGOHYHO VWDQG VWUXFWXUH FODVV VLPLODULWLHV DQG GLIIHUHQFHV"  +RZ GRHV WKLV
FRPSDUHZLWKWKHXVHRIGLVWULEXWLRQVRIRWKHUJURXQGYDULDEOHVVXFKDVYROXPHZLWKUHVSHFWWR
'%+RUDOWHUQDWLYHO\KHLJKW",IQHZV\VWHPVRIFODVVLILFDWLRQDUHGHYHORSHGEDVHGRQJURXQG
PHDVXUHGGLVWULEXWLRQVKRZZHOOGRWKHVHJURXQGFODVVHVUHODWHWRVLPLODULWLHVDQGGLIIHUHQFHVLQ
GLVWULEXWLRQVRI$/6GDWDZLWKDQGZLWKRXWWKHXVHRI0XOWLSOH'LVFULPLQDQW$QDO\VLV0'$"
+RZGRHVWKHQXPEHURIVWDQGVWUXFWXUHFODVVHVDIIHFWFODVVLILFDWLRQUHVXOWVUHTXHVWLRQV
DQG"

$/6GDWDZHUHFROOHFWHGXVLQJDQ2SWHFKV\VWHPRQ6HSWHPEHULQWKHQRUWKHUQ
SRUWLRQRIWKHVWXG\DUHDDQGEHWZHHQ-XQHDQG-XO\LQWKHVRXWKHUQSRUWLRQRIWKH
DUHD  2QHKXQGUHGDQGHLJKW\QLQHPUDGLXVJURXQGSORWVZHUHHVWDEOLVKHGWRUHSUHVHQWWKH
UDQJHRIVWDQGFRQGLWLRQV  &XPXODWLYHGLVWULEXWLRQVLQWKHSURSRUWLRQVRIILUVWDQGODVWUHWXUQV
ZLWKUHVSHFWWRKHLJKWZHUHXVHGWRUHSUHVHQWWKH$/6GDWD  $/6SHUIRUPHGUHDVRQDEO\ZHOODV
DFODVVLILHURIVWUXFWXUHZLWK.+$7 FODVVHVRUZLWKRXWDSULRULJURXQGSORW
FDOLEUDWLRQ ZKHQ HYDOXDWHG DFFRUGLQJ WR FXPXODWLYH GLVWULEXWLRQV LQ YROXPHV YHUVXV GEK
+RZHYHU LW SHUIRUPHG OHVV ZHOO ZKHQ FODVVLILFDWLRQ ZDV HYDOXDWHG LQ WHUPV RI FXPXODWLYH
GLVWULEXWLRQV LQ VWHPV SHU KHFWDUH ZLWK  RU ZLWKRXW  JURXQG SORW FDOLEUDWLRQ 
&ODVVLILFDWLRQ VXFFHVV IROORZV D QHJDWLYH H[SRQHQWLDO SDWWHUQ ZLWK DQ LQFUHDVLQJ QXPEHU RU
FODVVHV   
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
7KLV UHVHDUFK IRUPV SDUW RI 1$6$¶V &DUERQ 0RQLWRULQJ 6\VWHP &06 LQLWLDWLYH  2QH
FRPSRQHQW RI&06 LV WKH ORFDOVFDOHPDSSLQJ RI ELRPDVV DQG VWRFN FKDQJH LQFOXGLQJ HUURU
EXGJHWVDWDVFDOHWKDWLVHFRORJLFDOO\PHDQLQJIXODQGUHOHYDQWIRUIRUHVWPDQDJHPHQW  *LYHQ
WKH DYDLODELOLW\ RI DSSURSULDWH GDWDVHWV WKH DLP LV WR H[SORUH PHWKRGRORJLHV IRU HVWLPDWLQJ
ELRPDVVFKDQJHXVLQJILHOGVXUYH\OLGDUDQDO\VLVDQGRSWLFDOUHPRWHVHQVLQJWHFKQLTXHV
7KH+RZODQG([SHULPHQWDO)RUHVW0DLQH86$ZDVHVWDEOLVKHGDVDUHVHDUFKVLWHLQDQG
FRYHUV DQ DUHD RI DSSUR[LPDWHO\  KHFWDUHV  7KH IRUHVW LV UHWDLQHGZLWKRXWPDQDJHPHQW
LQWHUYHQWLRQDQGLVFRQVLGHUHGUHSUHVHQWDWLYHRIERUHDOWUDQVLWLRQDOIRUHVW  ,WLVORFDWHGDW
1:DQGKDV UHODWLYHO\ IODW WHUUDLQ DW DQ HOHYDWLRQRIPHWUHV  )RUHVW FRPSRVLWLRQ
FRQVLVWVRIDSSUR[LPDWHO\FRQLIHUVDQGEURDGOHDIVSHFLHVRIYDU\LQJDJHV
7KURXJKRXW WKH IRUHVW VHYHUDO UHPRWH VHQVLQJ GDWDVHWV DQG SURGXFWVZHUH XWLOLVHG  0HGLXP
IRRWSULQW IXOOZDYHIRUP OLGDUGDWD IURP1$6$¶V/DVHUYHJHWDWLRQ ,PDJLQJ6HQVRU/9,6DUH
DYDLODEOHIRUDQG  6PDOO IRRWSULQWGLVFUHWHUHWXUQOLGDUGDWDZHUHFROOHFWHGGXULQJ
6HSWHPEHU  DQG WKH IRUHVW LV GXH WR EH UHIORZQ GXULQJ 6XPPHU  ZLWK 1$6$
*RGGDUG¶V/LGDU+\SHUVSHFWUDODQG7KHUPDOLQVWUXPHQW*/L+7  
8VLQJ -HQNLQV JHQHUDOLVHG 86 ELRPDVV HTXDWLRQV ELRPDVV ZDV HVWLPDWHG IRU  VXESORWV
ZLWKLQ  KD ILHOG SORWV PHDVXUHG LQ  DQG GLVSHUVHG WKURXJKRXW WKH IRUHVW   
5HODWLRQVKLSV EHWZHHQ ILHOG VXUYH\ FDOFXODWLRQV RI ELRPDVV DQG  OLGDU PHWULFV HQDEOHG
ELRPDVVWREHHVWLPDWHGWKURXJKRXW+RZODQG)RUHVW5HSHDWOLGDUGDWDVHWVIURP/9,6LQ
DQG WKH SODQQHG */L+7 FDPSDLJQ LQ  DOORZHG IRUHVW KHLJKW JURZWK WR EH REVHUYHG 
7KHVH KHLJKW LQFUHPHQWV DUH UHODWHG WR ELRPDVV FKDQJH WKHUHE\ SHUPLWWLQJ D WLPH VHULHV RI
ELRPDVVFKDQJHWREHSURGXFHGWKURXJKSHULRGLFOLGDUREVHUYDWLRQV
,QGHSHQGHQW GDWDVHWV DQG PHWKRGRORJLHV ZLOO DOORZ DQ DVVHVVPHQW WR EH PDGH RI HVWLPDWHG
ELRPDVVFKDQJH7KHVHVRXUFHVLQFOXGH
 )LHOG PHDVXUHPHQWV RI D P E\ P UHVHDUFK DUHD RI +RZODQG )RUHVW ZKLFK ZDV
HVWDEOLVKHG LQ  DQG XSGDWHG WKURXJK FRPSOHWH UHPHDVXUHPHQW  DQG SDUWLDO
UHPHDVXUHPHQWDQG
 7KH /DQGVDWGHULYHG 9HJHWDWLRQ &KDQJH 7UDFNHU GLVWXUEDQFH SURGXFW ZKLFK HVWLPDWHV
YHJHWDWLRQ DJH DSSUR[LPDWHG DV WLPH VLQFH GLVWXUEDQFH  5HODWLRQVKLSV EHWZHHQ DJH DQG
ELRPDVV DOORZJURZWK FXUYHV WR EH HVWDEOLVKHG IRU WKH IRUHVW VXEVWLWXWLQJ VSDFH IRU WLPH
DQGIRUUHJLRQVRIGLVWXUEDQFHEHWZHHQOLGDUDFTXLVLWLRQVWREHLGHQWLILHG
 &DUERQVHTXHVWUDWLRQHVWLPDWHVIURPIOX[WRZHUPHDVXUHPHQWV
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Abstract 
 
We propose a new method to estimate Leaf Area Index (LAI) and Plant Area Index (PAI) from 
LiDAR data using, as a baseline, methods developed for digital hemispherical photography 
(DHP). We combined a canopy architecture model with three remote sensing techniques: DHP 
and terrestrial and airborne laser scanning (ALS and TLS). The architectural model created 3D 
virtual forest environments based on statistical distributions of canopy components. Trees stems 
were distributed in rows (plantations), random, or clumped in groups. The foliage was simulated 
with random, erectophile or planophile leaf distributions, and the leaves were either clumped on 
branch structures or randomly distributed in crown shapes, such as spheres, cones, or cylinders. 
The 3D simulations were made using the freeware ray tracer POV-RAY that produces 
photorealistic renditions of complex scenes. The LiDAR data was simulated with the ground, 
leaves, and woody material in the scene colour-coded with height (z) and the known view 
geometry was used to get the horizontal coordinates (x-y). Simulations were made using the 
beam density, sampling configuration, and post-processing of different TLS and ALS sensors. 
 
We used the LAI retrieval from DHP methods as our baseline. Since the foliage is not always 
separable from the wood, the PAI was retrieved first. A new PAI/LAI algorithm was developed 
for TLS data using a technique similar to the DHP method CLX, but for which the canopy 
element height information is used. The new algorithm was tested using both TLS and ALS. 
Seventy-five virtual forest sites were created, each with ten DHP, ten TLS scans, and ALS 
simulations for twelve view angles covering an area of 30 × 40 m2 each. DHP and TLS scans 
were simulated at exactly the same position and with compatible resolutions. The new TLS 
algorithm was used to estimate PAI for ten height levels using the foliage clumping index at 
each level. For the DHP simulations, we observed that estimating PAI/LAI using the CLX 
clumping algorithm gave the most consistent results with R2 of 0.7 and RMSE of 1.0 LAI units. 
The new LiDAR algorithm gives an R2 of 0.8 and RMSE of 0.7 LAI units. Using the TLS 
method with airborne simulations at a view zenith angle of 20 degrees gave better results by 
about 25% compared with those at near nadir. Furthermore, LAI/PAI estimates at 50 degrees 
gave better results by almost 50% compared with those at near nadir. The simulation results also 
showed that resolution and spacing needs to be considered when adapting the hemi-LiDAR 
algorithm to sparser and coarser airborne LiDAR data. There is a high correlation between ALS 
PAI at large view angles and DHP PAI with a R2 of 0.9, indicating that all techniques may 
suffer from the same errors that can largely be attributed to very dense tree crowns. 
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Abstract 
 
0RUHSUHFLVHHVWLPDWHVRIELRPDVVDQGDERYHJURXQGFDUERQDUHUHTXLUHGLQWKHERUHDOIRUHVWVRI
LQWHULRU $ODVND WR VXSSRUW PRUH DFFXUDWH FDUERQ DFFRXQWLQJ DQG HQDEOH WKH GHYHORSPHQW RI
VXVWDLQDEOHELRHQHUJ\ V\VWHPV LQ UXUDO FRPPXQLWLHV'XH WR WKHKLJKFRVW a86'SORW
DQGORJLVWLFDOFRPSOH[LW\RIHVWDEOLVKLQJILHOGSORWVLQUHPRWHDUHDVRILQWHULRU$ODVNDZKLFKLV
ODUJHO\ GHYRLG RI WKH WUDQVSRUWDWLRQ LQIUDVWUXFWXUH WKDW H[LVWV HOVHZKHUH LQ WKH 8QLWHG 6WDWHV
WKHUHLVDQHHGIRUVDPSOLQJDSSURDFKHVWKDWGUDZKHDYLO\RQUHPRWHVHQVLQJGDWD±FROOHFWHGDW
YDU\LQJUHVROXWLRQVZLWKYDU\LQJFRVWV±ZKLOHPLQLPL]LQJWKHQXPEHURIFRVWO\ILHOGSORWV,Q
WKLV VWXG\ZH GHYHORS WKH VWDWLVWLFDO SURSHUWLHV PHDQ VTXDUH HUURU RU06( RIPRGHOEDVHG
WRWDOELRPDVVHVWLPDWRUVLQDPXOWLOHYHOVDPSOLQJGHVLJQZKLFKXVHVDOLPLWHGQXPEHUQ 
RI ILHOG SORWV  DLUERUQH OLGDU VWULS VDPSOLQJ DQG  ZDOOWRZDOO PXOWLVSHFWUDO DQG /EDQG
3RO6$5 VDWHOOLWH LPDJHU\ RYHU D  KHFWDUH DUHD LQ WKH XSSHU7DQDQD YDOOH\ RI LQWHULRU
$ODVND7KLVGHVLJQLQFRUSRUDWHVHOHPHQWVRIERWKPXOWLSKDVHDQGPXOWLVWDJHVDPSOLQJZKHUH
UHJUHVVLRQLVXVHGWRHVWDEOLVKWKHUHODWLRQVKLSEHWZHHQILHOGSORWVDQGOLGDUPHWULFVUHVXOWLQJLQ
ELRPDVV SUHGLFWLRQV DORQJ WKH OLGDU VWULSV DQG N11 LPSXWDWLRQ LV XVHG WR OLQN WKH ELRPDVV
SUHGLFWLRQV ZLWKLQ WKH OLGDU VWULSV WR PXOWLVSHFWUDO UHIOHFWDQFH DQG /EDQG UDGDU EDFNVFDWWHU
ZLWKLQ LPDJHU\ FRYHULQJ WKH HQWLUH VWXG\ DUHD ,Q DGGLWLRQ VPDOO DUHD HVWLPDWHV RI ELRPDVV
UHVRXUFHV DYDLODEOH WR VXSSRUW ELRHQHUJ\ SURGXFWLRQ DUH REWDLQHG XVLQJ KLJKHUUHVROXWLRQ
4XLFNELUGVDWHOOLWHLPDJHU\RYHUDOLPLWHGDUHDVXUURXQGLQJWKHUXUDOFRPPXQLWLHVRI7RNDQG
7DQDFURVV  *LYHQWKHUHODWLYHO\KLJKGHJUHHRIFRPSOH[LW\WKDWFKDUDFWHUL]HVWKHHUURUVWUXFWXUH
RIWKHVHPXOWLOHYHOGHVLJQVDVZHOODVWKHLPSUHVVLYHFDSDELOLWLHVRIPRGHUQFRPSXWLQJV\VWHPV
UHVDPSOLQJ LH ERRWVWUDS DQG 0RQWH &DUOR VLPXODWLRQ DSSURDFKHV WR HVWLPDWLRQ RI 06(
SURYLGH D SUHIHUDEOH DOWHUQDWLYH WR DQDO\WLFDO IRUPXODWLRQV ,Q WKLV VWXG\ D GRXEOHERRWVWUDS
DSSURDFKLVXVHGWRHVWLPDWHWKHPRGHOEDVHG06(IRUWKLVPXOWLOHYHOGHVLJQWKDWDFFRXQWVIRU
YDULDELOLW\ LQWURGXFHG DW HYHU\ OHYHO LQ WKH GHVLJQ LQFOXGLQJ ILHOG VDPSOLQJ HUURU OLGDU VWULS
VDPSOLQJHUURUDQGPRGHOLQJHUURULQWKHLPSXWDWLRQVWHSYLDSDUDPHWULFERRWVWUDS
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 1 
DART-LiDAR Model Simulations of Full-Waveform and Photon 
Counting Instruments 
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Abstract 

1$6$ KDV GHYHORSHG DQG GHSOR\HG D EURDG UDQJH RI DLUERUQH DQG VSDFHEDVHG /L'$5
LQVWUXPHQWVIRUUHPRWHVHQVLQJRIWKH(DUWK¶VVXUIDFH,QVWUXPHQWVRQ,&(6DWDQG,&(6DWXVH
WZRIXQGDPHQWDOO\GLIIHUHQW/L'$5WHFKQRORJLHV IXOOZDYHIRUPDQGSKRWRQFRXQWLQJ\HW WKH
FRPSDUDELOLW\RIPHDVXUHPHQWVIURPWKHVHLQVWUXPHQWVKDVQRWEHHQDVVHVVHG7KHJRDORIWKLV
VWXG\ LV WR GHYHORS D WKHRUHWLFDO EDVLV IRU HYDOXDWLQJ DQG FRPSDULQJ PHDVXUHPHQWV RI (DUWK
VXUIDFH SURSHUWLHV IURP IXOOZDYHIRUP DQG SKRWRQFRXQWLQJ /L'$5 WHFKQRORJLHV $ /L'$5
PRGXOHZDVUHFHQWO\GHYHORSHGIRUWKH'LVFUHWH$QLVRWURSLF5DGLDWLYH7UDQVIHU'$57PRGHO
'$57 SURYLGHV DQ LGHDO IRXQGDWLRQ IRU /L'$5PRGHOOLQJ EHFDXVH WKH DUFKLWHFWXUH VXSSRUWV
0RQWH &DUOR DQG UD\ WUDFLQJ PHWKRGV WR VLPXODWH UDGLDWLYH WUDQVIHU LQ FRPSOH[ ' VFHQHV
WKHUHE\HQDEOLQJUHDOLVWLFVLPXODWLRQVRIVSDFHERUQHV\VWHPV

:H SUHVHQW UHVXOWV IURP '$57/L'$5 PRGHO VLPXODWLRQV IRU ERWK IXOO ZDYHIRUP DQG
SKRWRQFRXQWLQJ LQVWUXPHQWV)LHOGPHDVXUHPHQWV IURPDVWHPPDSSHGVWXG\VLWH LQ+RZODQG
)RUHVW0DLQH86$ZHUH XVHG DV LQSXW WR WKHPRGHO0RGHO SHUIRUPDQFHZDV YHULILHG DQG
YDOLGDWHG ZLWK LQGHSHQGHQW DLUERUQH REVHUYDWLRQV IURP 1$6$¶V /DVHU 9HJHWDWLRQ ,PDJLQJ
6HQVRU /9,6 $ VDPSOLQJ DSSURDFK IRU VLPXODWLQJ GDWD ZDV DOVR GHYHORSHG EDVHG RQ
LQVWUXPHQWVSHFLILFDWLRQV IRU WKH ,&(6DWPLVVLRQ$VHQVLWLYLW\DQDO\VLVZDVSHUIRUPHGZLWK
WKH PRGHO WR HYDOXDWH LQVWUXPHQW FKDUDFWHULVWLFV HJ ODVHU ZDYHOHQJWK GHWHFWRU UHVSRQVH
FDQRS\ DQG JURXQG VXUIDFH SURSHUWLHV HJ/$, OHDI DQJOH GLVWULEXWLRQ UHIOHFWDQFH DQG VLWH
FRQGLWLRQVHJSUHVHQFHRIVQRZZHWGU\OLWWHUDQGWHUUDLQVORSHRQWKHDELOLW\WRFKDUDFWHUL]H
YHJHWDWLRQVWUXFWXUH

,Q WKH IXWXUH DQ DWPRVSKHULF FRPSRQHQW RI '$57ZLOO EH LQFRUSRUDWHG LQWR WKH PRGHO DQG
YDOLGDWHG DW VLWHV ZKHUH ,&(6DW DLUERUQH VLPXODWRU GDWD KDYH EHHQ DFTXLUHG:H ZLOO DOVR
HYDOXDWH WKH LPSDFWV RI DWPRVSKHULF FRQWDPLQDWLRQ HJ ELRPDVV EXUQLQJ DHURVROV RQ
VSDFHEDVHG REVHUYDWLRQV RI IRUHVW HFRV\VWHPV 7KHVH UHVXOWV DQG WKH IXWXUH GHYHORSPHQW RI
'$57/L'$5PRGHOUHSUHVHQWDVLJQLILFDQWDGYDQFHLQWKHDELOLW\WRVLPXODWHWKHSHUIRUPDQFH
RI VSDFHERUQH /,'$5 V\VWHPV VLQFH WKHUH LV FXUUHQWO\ QR UDGLDWLYH WUDQVIHU PRGHO WKDW LV
FDSDEOH RI VLPXODWLQJ ERWK IXOOZDYHIRUP DQG SKRWRQ FRXQWLQJ /L'$5 UHWXUQV WKDW FRXSOHV
DWPRVSKHULFYHJHWDWLRQDQGVXUIDFHLQWHUDFWLRQV
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 1 
Simulation of micro-pulse photon counting lidar using the FLIGHT 
radiative transfer model for SIMPL and ICESat-2 

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Abstract  

:HSUHVHQWUHVXOWVIURPGHYHORSPHQWDQGWHVWLQJRIDUDGLDWLYHWUDQVIHUPRGHOWRVLPXODWHQHZ
PLFURSXOVHSKRWRQFRXQWLQJOLGDUVHQVRUVRYHUYHJHWDWHGWHUUDLQ7KHDLPLVWRUHODWHUHWXUQHG
VLJQDO WR ELRSK\VLFDO SDUDPHWHUV VXFK DV IRUHVW KHLJKW DQG VXEFDQRS\ WRSRJUDSK\ DQG WR
SUHSDUH IRU IXWXUH PLVVLRQV VXFK DV ,&(6DW VFKHGXOHG IRU ODXQFK LQ  7KH PRGHO LV
GHYHORSHG IURP WKH )/,*+7 UDGLDWLYH WUDQVIHU FRGH EDVHG RQ 0RQWH &DUOR VLPXODWLRQ RI
SKRWRQ WUDQVSRUW 1RUWK 1RUWK HW DO 7KHPRGHO UHSUHVHQWVPXOWLSOH VFDWWHULQJ RI
OLJKWDQGSUHGLFWVWKHSUREDELOLW\GHQVLW\IXQFWLRQRISKRWRQUHWXUQDWDUDQJHRIKHLJKWV/L'$5
SXOVHWRSRJUDSK\VRODUUDGLDWLRQDWPRVSKHULFDWWHQXDWLRQDQGVSDWLDODQGWHPSRUDOVDPSOLQJRI
WKH LQVWUXPHQW DUH H[SOLFLWO\PRGHOOHG7KHPRGHO LV WHVWHG E\ FRPSDULVRQZLWK REVHUYDWLRQV
IURPWKH6ORSH,PDJLQJ0XOWLSRODUL]DWLRQ3KRWRQFRXQWLQJ/LGDU6,03/7KLVLVDQDLUERUQH
ODVHU DOWLPHWHU GHYHORSHG WKURXJK WKH 1$6$ (DUWK 6FLHQFH 7HFKQRORJ\ 2IILFH ,QVWUXPHQW
,QFXEDWRU 3URJUDP +DUGLQJ HW DO  6,03/ LQFRUSRUDWHV EHDP VSOLWWLQJ VLQJOHSKRWRQ
UDQJLQJDQGSRODULPHWU\WHFKQRORJLHVDWJUHHQDQGQHDULQIUDUHGZDYHOHQJWKVLQRUGHUWRDFKLHYH
VLPXOWDQHRXVVDPSOLQJRIVXUIDFHHOHYDWLRQVORSHURXJKQHVVDQGVFDWWHULQJSURSHUWLHV6,03/
GDWDZHUH FDSWXUHG IRU WKH 6PLWKVRQLDQ (QYLURQPHQWDO 5HVHDUFK&HQWHU 6(5& (GJHZDWHU
0DU\ODQG GXULQJ -XO\   :LWKLQ D  [  P DUHD RI WKLV IRUHVW WKH ORFDWLRQV DQG
GLDPHWHU DW EUHDVW KHLJKW '%+ RI DSSUR[LPDWHO\  WUHHV ZLWK '%+!FP ZHUH
PHDVXUHGEHWZHHQ)HEUXDU\DQG1RYHPEHU/RFDOO\YDOLGDWHGDOORPHWULFHTXDWLRQV
ZHUH DSSOLHG WR UHFRQVWUXFW WUHH KHLJKW DQG FURZQ GLPHQVLRQV IRU WKH DUHD  (LJKW 6,03/
IOLJKWOLQHVZHUHVHOHFWHGWRUHSUHVHQWDUHDVZLWKGLIIHUHQWVSHFLHVFRPSRVLWLRQWUHHGHQVLW\DQG
KDELWDWFRQGLWLRQV7KHDLPLVWRYDOLGDWHPRGHOVLPXODWLRQVDQGWRLQYHVWLJDWHIURPWKHHIIHFWRI
LQVWUXPHQWFRQILJXUDWLRQRQUHWULHYDORIYHJHWDWLRQDQGVXUIDFHSURSHUWLHV

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Abstract 

,Q WKH SDVW  \HDUV WKHZHVWHUQ 86 KDV H[SHULHQFHG UHFRUG ILUH DFWLYLW\ LQ WHUPV RI VL]H
IUHTXHQF\ DQG LQWHQVLW\ )LUH LQ WKH *UHDW %DVLQ VDJHEUXVKVWHSSH HFRV\VWHP KDV UHVXOWHG LQ
FKHDWJUDVV LQYDVLRQ DFURVV PLOOLRQV RI DFUHV IUDJPHQWDWLRQ RI ZLOGOLIH KDELWDW DQG HURVLRQ
$FFXUDWH VSDWLDOO\ H[SOLFLW IXHO PDSV DUH HVVHQWLDO LQSXWV IRU ILUH SUHGLFWLRQ PRGHOLQJ DQG
SRVWILUH WUHDWPHQW DFURVV VSDWLDO DQG WHPSRUDO VFDOHV )XVLQJ VSHFWUDO WLPH VHULHV GDWD ZLWK
WKUHHGLPHQVLRQDO YHJHWDWLRQ VWUXFWXUH GDWD GHULYHG IURP ODVHU DOWLPHWU\ DLUERUQH RU
JURXQGEDVHG LQFUHDVHV WKH IHDVLELOLW\ RI PDSSLQJ ELRPDVV G\QDPLFV LQ VSDUVH ORZKHLJKW
YHJHWDWLRQ HFRV\VWHPV VXFK DV WKH VDJHEUXVKVWHSSH ,Q WKLV VWXG\ ZH GHYHORS PHWKRGV WR
LQFRUSRUDWH VSHFWUDO GDWDZLWK GLPHQVLRQDO YHJHWDWLRQ VWUXFWXUDO GDWD WR LPSURYH YHJHWDWLRQ
FRYHU PDSSLQJ DQG HVWLPDWH ELRPDVV DFURVV WKH ODQGVFDSH 7KH YHJHWDWLRQ FRYHU PDSSLQJ
SURYLGHVIXHOVWUDWXPLQIRUPDWLRQZKLOHWKHVWUXFWXUDOGDWDSURYLGHVGHQVLW\DQGELRPDVVIXHO
HVWLPDWHVQHHGHG WRHVWLPDWHIXHO ORDGV7RJHWKHU WKLV LQIRUPDWLRQFDSWXUHVERWKYDULDELOLW\ LQ
IXHOVWUXFWXUHDQGFRQWLQXLW\WHPSRUDODQGVSDWLDOIRULPSURYHGIXHOVPDSSLQJ

6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD


Individual snag detection using airborne lidar data and 3D local-area point-
based intensity filtration. 
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86)RUHVW6HUYLFH±36:5HVHDUFK6WDWLRQPULWFKLH#IVIHGXV
2UHJRQ6WDWH8QLYHUVLW\±&ROOHJHRI)RUHVWU\NHYLQERVWRQ#RUHJRQVWDWHHGX
86)RUHVW6HUYLFH±31:5HVHDUFK6WDWLRQZDUUHQFRKHQ#RUHJRQVWDWHHGX
2UHJRQ6WDWH8QLYHUVLW\±&ROOHJHRI(QJLQHHULQJPLFKDHOROVHQ#RUHJRQVWDWHHGX
 
3DSHU1XPEHU6/

6WDQGLQJGHDGWUHHVVQDJVSOD\PDQ\HVVHQWLDOUROHVLQIRUHVWHGHFRV\VWHPVDWYDULRXVVFDOHV
7KLVKDVUHVXOWHGLQIRUHVWUHJXODWRU\ERGLHVDQGIRUHVWFHUWLILFDWLRQSURJUDPVFUHDWLQJVQDJ
VWRFNLQJVWDQGDUGVWRKHOSHQVXUHELRGLYHUVLW\LVPDLQWDLQHGRUUHVWRUHGRYHUWLPH7KH
TXDQWLILFDWLRQDQGPRQLWRULQJRIVQDJVDFURVVWKHODQGVFDSHKDVEHHQGLIILFXOWGXHWRWKHLU
LUUHJXODUDQGVSDUVHGLVWULEXWLRQRIWHQUHTXLULQJLQWHQVLYHVDPSOLQJPHWKRGVWRREWDLQ
VWDWLVWLFDOO\VLJQLILFDQWHVWLPDWHV7KLVVWXG\SUHVHQWVDQHZPHWKRGIRUTXDQWLI\LQJDQGORFDWLQJ
VQDJVXVLQJDLUERUQHGLVFUHWHUHWXUQOLGDU7KHVHPLDXWRPDWHGPHWKRGXVHVERWK'DQG'
ORFDODUHDOLGDUSRLQWILOWHUVIRFXVHGRQVSDWLDOORFDWLRQDQGLQWHQVLW\LQIRUPDWLRQWRLGHQWLI\
LQGLYLGXDOOLGDUSRLQWVDVVRFLDWHGZLWKVQDJVDQGHOLPLQDWHSRLQWVDVVRFLDWHGZLWKOLYHWUHHV7KH
HQGUHVXOWLVDVWHPPDSRILQGLYLGXDOVQDJVDFURVVWKHODQGVFDSHZLWKKHLJKWHVWLPDWHVIRUHDFK
VQDJ7KHPHWKRGZDVWHVWHGLQIRXUGLIIHUHQWIRUHVWW\SHVZLWKVLPLODUUHVXOWV'HWHFWLRQUDWHV
UDQJHGIURPLQFUHDVLQJDVWKHVL]HRIVQDJVLQFUHDVHG7KHRYHUDOOGHWHFWLRQUDWHIRU
VQDJV'%+FPZDVZLWKORZFRPPLVVLRQHUURUUDWHVLQDOOIRUHVWW\SHV
7KLVLQIRUPDWLRQFRXOGEHXVHGWRDQDO\]HWKHVSDWLDOGLVWULEXWLRQRIODUJHVQDJVRYHUHQWLUH
ODQGVFDSHVSURYLGHDEHWWHUXQGHUVWDQGLQJRIZLOGOLIHVQDJXVHG\QDPLFVDVVHVVDFKLHYHPHQWRI
VWRFNLQJVWDQGDUGUHTXLUHPHQWVDQGFUHDWHPRUHDFFXUDWHVQDJVWRFNLQJVWDQGDUGV

6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 
Autonomously operating terrestrial laser scanner for monitoring forest 
ecosystems at a very high temporal resolution 
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Abstract 

/LJKWGHWHFWLRQDQGUDQJLQJLVDZHOOHVWDEOLVKHGWHFKQLTXHIRUTXDQWLI\LQJWKHVWUXFWXUDOSURSHUWLHV
RIYHJHWDWLRQFDQRSLHV$PDMRUOLPLWDWLRQRIWHUUHVWULDOODVHUVFDQQLQJLVWKHORZWHPSRUDO
UHVROXWLRQWKDWRIWHQH[LVWVEHWZHHQHDFKGDWDDFTXLVLWLRQ7KHG\QDPLFQDWXUHRIIRUHVWHFRV\VWHPV
RIWHQUHTXLUHVGDWDVHWVZLWKKLJKWHPSRUDOUHVROXWLRQHJGDLO\GDWDDFTXLVLWLRQ7KHREMHFWLYHVRI
WKLVVWXG\ZHUHWRLDVVHPEOHDQDXWRQRPRXVO\RSHUDWLQJWHUUHVWULDOODVHUV\VWHP$7/6DQGWRLL
WRWHVWLWVDELOLW\WRPDSSODQWVWUXFWXUDOSURSHUWLHV:HGHULYHGWKHKHLJKWRI(QJHOPDQQVSUXFH
Picea engelmanniiVDSOLQJVWKHKHLJKWRIDJUDPLQRLGCalamagrostis x acutifloraDQGIRUE
Hemerocallis lilioasphodelusDQG'%+RI3RQGHURVD3LQHPinus ponderosaDQG'RXJODVILU
Pseudotsuga menziesiiWUHHVIURP$7/6GDWDDQGFRPSDUHGWKHPZLWKPDQXDOPHDVXUHPHQWV2XU
UHVXOWVVKRZHGDVWURQJFRUUHODWLRQEHWZHHQPDQXDODQG$7/6GHULYHGWUHHVDSOLQJKHLJKWU 
506( FPVORSH LQWHUFHSW JUDPLQRLGDQGIRUEKHLJKWU 506( 
FPVORSH LQWHUFHSW DQG'%+U 506( FPVORSH 
LQWHUFHSW 2XUUHVXOWVLQGLFDWHWKHVXLWDELOLW\RI$7/6WRPRQLWRUIRUHVWVWUXFWXUHDWKLJK
WHPSRUDOUHVROXWLRQ7KLVW\SHRILQIRUPDWLRQKDVJUHDWSURPLVHWRSURYLGHQHZLQVLJKWVLQWRIRUHVW
G\QDPLFV
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Paper Number:  SL2012-179 
 
Abstract 
 
Tropical forests ecosystems respond dynamically to climate variability and disturbances on time 
scales of minutes to millennia. To date, our knowledge of disturbance and recovery processes in 
tropical forests is derived almost exclusively from networks of forest inventory plots. These 
plots typically sample small areas (≤1 ha) in conservation units that are protected from logging 
and fire. Amazon forests with frequent disturbances from human activity remain under-studied. 
Ongoing negotiations on REDD+ (Reducing Emissions from Deforestation and Forest 
Degradation plus enhancing forest carbon stocks) have placed additional emphasis on 
identifying degraded forests and quantifying changing carbon stocks in both degraded and intact 
tropical forests. We evaluated patterns of forest disturbance and recovery at four ~1000 ha sites 
in the Brazilian Amazon using small footprint LiDAR data and coincident field measurements. 
Large area coverage with airborne LiDAR data in 2011-2012 included logged and unmanaged 
areas in Cotriguaçu (Mato Grosso), Flona do Jamari (Rondônia), and Floresta Estadual do 
Antimary (Acre), and unmanaged forest within Reserva Ducke (Amazonas). Logging 
infrastructure (skid trails, log decks, and roads) was identified using LiDAR returns from 
understory vegetation and validated based on field data. At each logged site, canopy gaps from 
logging activity and LiDAR metrics of canopy heights were used to quantify differences in 
forest structure between logged and unlogged areas. Contrasting patterns of harvesting 
operations and canopy damages at the three logged sites reflect different levels of pre-harvest 
planning (i.e., informal logging compared to state or national logging concessions), harvest 
intensity, and site conditions. Finally, we used multi-temporal LiDAR data from two sites, 
Reserva Ducke (2009, 2012) and Antimary (2010, 2011), to evaluate gap phase dynamics in 
unmanaged forest areas. The rates and patterns of canopy gap formation at these sites illustrate 
potential issues for separating logging damages from natural forest disturbances over longer 
time scales. Multi-temporal airborne LiDAR data and coincident field measurements provide 
complementary perspectives on disturbance and recovery processes in intact and degraded 
Amazon forests. Compared to forest inventory plots, the large size of each individual site 
permitted analyses of landscape-scale processes that would require extremely high investments 
to study using traditional forest inventory methods.  
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Abstract 
Individual tree crown (ITC) delineation is a very important step in facilitating aspects of 
sustainable forest management. ITCs serve as the basic unit for species identification, gap 
analysis, and volume or biomass estimation, etc. In recent decades, various methods of ITC 
delineation using either very high spatial resolution (passive) optical imagery or LiDAR (Light 
Detection And Ranging) data have been developed. Even though some promising results have 
been reported in the literature for simple structured un-natural or coniferous forests, the 
delineation accuracy remains low for natural deciduous or mixed forests. With optical imagery, 
tree crown delineation is negatively affected by the anisotropic reflectance properties of tree 
canopies, which is especially significant for the open canopies. In addition, understory 
vegetation can be falsely accounted as trees. On the other hand, a tree crown tends to have 
distinct boundaries in the 3-dimension (3D) data clouds collected by a LiDAR instrument. 
However, for close canopies, trees grow together, which makes the distinction between crowns 
in the LiDAR data less evident. In this study, the spectral information derived from optical 
imagery, and height and architectural (such as stem) information from LiDAR data clouds were 
employed intelligently to improve ITC delineation for natural forests. 
 
With the developed method, individual tree tops were first located from the optical imagery and 
LiDAR data separately using a novel multi-scale CSI (Crown Slice from Imagery) method 
proposed in a previous study of ours (Jing et al., 2012). The detected tree tops were then 
integrated together. Using the detected tree tops, the marker-control watershed segmentation 
method was used to delineate individual tree crowns from optical imagery data. For each 
resulting segment, a tree stem(s) was detected from the LIDAR points within this segment. A 
segment could be kept as it was, split, or merged depending on the number of stems was 
detected. 
In an experiment on natural forests in Ontario, Canada, the proposed method yielded crown 
maps having a good consistency with manual and visual interpretation. 
Reference 
Jing, L., Hu, B., Li, J., and Noland, T., 2012. Automated tree crown delineation from imagery 
based on morphological techniques. IEEE Transactions on Geoscience and Remote 
Sensing, submitted. 
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Simulating the impact of changing airborne lidar sensor and survey 
properties on estimation of vegetation structure parameters 

-RKQ$UPVWRQ0DWKLDV'LVQH\3HWHU6FDUWK5LFKDUG/XFDV
6WXDUW3KLQQ3KLOLS/HZLV	1LFKRODV*RRGZLQ

-RLQW5HPRWH6HQVLQJ5HVHDUFK3URJUDP6FKRRORI*HRJUDSK\3ODQQLQJDQG
(QYLURQPHQWDO0DQDJHPHQW8QLYHUVLW\RI4XHHQVODQG
MDUPVWRQ#XTHGXDX; SVFDUWK#XTHGXDX; VSKLQQ#XTHGXDX
5HPRWH6HQVLQJ&HQWUH6FLHQFH'HOLYHU\'HSDUWPHQWRI6FLHQFH,QIRUPDWLRQ
7HFKQRORJ\,QQRYDWLRQ	WKH$UWVQLFKRODVJRRGZLQ#TOGJRYDX
'HSDUWPHQWRI*HRJUDSK\8QLYHUVLW\&ROOHJH/RQGRQ
PDWKLDVGLVQH\#XFODFXNSOHZLV#XFODFXN
,QVWLWXWHRI*HRJUDSK\DQG(DUWK6FLHQFHV$EHU\VWZ\WK8QLYHUVLW\UPO#DEHUDFXN

3DSHU1XPEHU6/

Abstract 

5DSLG DGYDQFHV LQ DLUERUQH OLGDU V\VWHPV KDYH LQWURGXFHG LQFRQVLVWHQF\ LQWR YHJHWDWLRQ
VWUXFWXUH SDUDPHWHU HVWLPDWHV GHULYHG IURP PXOWLWHPSRUDO DQG ODUJH DUHD GDWDVHWV FDSWXUHG
XVLQJ GLIIHUHQW VHQVRUV 5HFHQW FRPSDULVRQV RI OLGDU SURGXFWV ZLWK JURXQG PHDVXUHPHQWV LQ
4XHHQVODQG $XVWUDOLD IRU FDOLEUDWLRQ DQG YDOLGDWLRQ RI YHJHWDWLRQ VWUXFWXUH SDUDPHWHUV KDYH
SURYLGHG HVWLPDWHV RI ELDV DQG YDULDQFH DFURVV D UDQJH RI HQYLURQPHQWV KRZHYHU WKH UHODWLYH
LPSRUWDQFHRIWKHVHQVRUDQGVXUYH\SURSHUWLHVRQWKHVHHUURUHVWLPDWHVZDVSRRUO\XQGHUVWRRG
'HWDLOV RQ FRPPHUFLDO OLGDU V\VWHPV DUH RIWHQ XQGLVFORVHG DQG FRLQFLGHQW FDSWXUHV IURP
GLIIHUHQW OLGDU VHQVRUV DUH RIWHQ LPSUDFWLFDO 1HZ DSSURDFKHV DUH UHTXLUHG WR XQGHUVWDQG WKH
LPSDFWV RI FKDQJLQJ OLGDU VHQVRU DQG VXUYH\ SURSHUWLHV RQ WKH HVWLPDWLRQ DQGPRQLWRULQJ RI
YHJHWDWLRQVWUXFWXUHSDUDPHWHUV
:HLQYHVWLJDWHGWKHLPSDFWRIDLUERUQHOLGDUVHQVRUDQGVXUYH\SURSHUWLHVRQ WKHHVWLPDWLRQRI
JDS SUREDELOLW\ SURILOHV XVLQJ 0RQWH&DUOR UD\ WUDFLQJ JHRPHWULFDOO\ H[SOLFLW ' FDQRS\
PRGHOVDQG5LHJO/064LZDYHIRUPOLGDUGDWDDFTXLUHGDWPXOWLSOHIO\LQJKHLJKWVRYHUD
HXFDO\SWGRPLQDWHGVDYDQQDLQQRUWKHDVWHUQ$XVWUDOLD7KHVLPXODWLRQDSSURDFKZDVGHYHORSHG
WRTXDQWLI\UHODWLYHGLIIHUHQFHVLQWKHVLJQDOWRQRLVHRIOLGDUZDYHIRUPVFDXVHGE\FKDQJHVLQ
ODVHUSXOVHUDWHUDQJHDQGZDYHOHQJWK7KHFURZQFRYHUJDSIUDFWLRQDQGIROLDJHDUHDYROXPH
GHQVLW\SURILOHVRIWKH'PRGHOVVKRZHGDJUHHPHQWZLWKLQGHSHQGHQWILHOGDQGJURXQGEDVHG
OLGDUPHDVXUHPHQWVDWWKUHHWHVWVLWHVZLWKJUHDWHVWGLIIHUHQFHVLQWKHORZHUFDQRS\
&RPSDULVRQ RIPHDVXUHG DQGPRGHOOHG JDS SUREDELOLW\ SURILOHV GHULYHG XVLQJZDYHIRUP DQG
GLVFUHWH UHWXUQ PHWKRGV DQG FDQRS\JURXQG ZDYHIRUP EDFNVFDWWHU FRHIILFLHQW UDWLRV VKRZHG
DJUHHPHQWSDUWLFXODUO\LQWKHVKDSHRIWKHSURILOHV'LIIHUHQFHVLQPDJQLWXGHZHUHOLQNHGZLWK
ELDV LQWKHZLWKLQFURZQJDSSUREDELOLW\RIWKH'WUHHPRGHOV7KHPRGHOOHGJDSSUREDELOLW\
SURILOHV UHSOLFDWHG WKH GLUHFWLRQ DQG PDJQLWXGH RI ELDV REVHUYHG LQ WKH 5LHJO /064L
HVWLPDWHG SURILOHV IRU GLIIHUHQW IO\LQJ KHLJKWV DQG SXOVH UDWHV 6LPXODWLRQ H[SHULPHQWV DW
PXOWLSOH SXOVH ZDYHOHQJWKV VKRZHG WKDW HVWLPDWHV RI JDS SUREDELOLW\ SURILOHV XVLQJ D QHZ
ZDYHIRUP PRGHO ZHUH OHVV VHQVLWLYH WKDQ GLVFUHWH UHWXUQ PHWKRGV WR GHFUHDVHV LQ WKH
VLJQDOWRQRLVHUDWLRFDXVHGE\LQWHUUHODWHGFKDQJHVLQIRRWSULQWVL]HSXOVHHQHUJ\DQGUDQJH
7KHUHVXOWVLQGLFDWHWKHPRGHOOLQJDSSURDFKSUHVHQWHGLQWKLVVWXG\ LVDEOHWRUHSOLFDWHUHODWLYH
FKDQJHV LQ JDS SUREDELOLW\ SURILOHV IRU D UDQJH RI OLGDU VHQVRU DQG VXUYH\ SURSHUWLHV LQ D
FRPSOH[ HXFDO\SW VDYDQQD7KH DSSURDFK LV FXUUHQWO\ EHLQJ XVHG WR LQYHVWLJDWH WKH LPSDFWRI
FDQRS\ DQG JUDVV VHQHVFHQFH RQ SXOVHFDQRS\ LQWHUDFWLRQV DQG WKH GHWHFWLRQ RI FKDQJH LQ
VDYDQQDJDSIUDFWLRQDQGGHULYHGYHJHWDWLRQVWUXFWXUHSDUDPHWHUV
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD

Mapping and Managing the Fuzzy Forest 
 
*QWKHU%URQQHU

8PZHOWGDWD*PE+0|GOLQJ$XVWULDJEURQQHU#XPZHOWGDWDDW
3DSHU1XPEHU6/
Abstract: 
)RUHVW 0DQDJHPHQW 3ODQV )03V DUH FRPSRVHG IURP WDEOHV UHSRUWV DQG PDSV 0DSSLQJ WKH IRUHVW
XVXDOO\PHDQV WRVHJPHQW WKHIRUHVWDUHD LQWRYHFWRUSRO\JRQV7KH WUDGLWLRQRIGUDZLQJ OLQHVRQIRUHVW
ODQG WR VHSDUDWH GLIIHUHQW VWDQGV JRHV EDFN WR WKH URRWV RI )03 LQ WKH WK FHQWXU\ :LWK KLJK
VRSKLVWLFDWHG*,6PHWKRGVOLNHHFRJQLWLRQLWKDVEHHQEURXJKWWRSHUIHFWLRQZLWKLQWKHODVWGHFDGH%XW
GRHVLWUHDOO\PDNHVHQVHWRVSOLWWKHIRUHVWLQWRKXQGUHGVDQGWKRXVDQGVRIYHFWRUSRO\JRQV"'RZHQHHG
WKLVNLQGRIJHQHUDOL]DWLRQLQRXUPDQDJHPHQWSODQV")RUHVWLQYHQWRU\VSHFLDOLVWVZRXOGGHQ\WKHQHHGRI
VHJPHQWHGVPDOOXQLWV:LWK WKHLUVWDWLVWLFDODSSURDFK WKH\FDQSHUIHFWO\DQVZHU WKHTXHVWLRQVRIVWRFN
YROXPHDQQXDOJURZWKDQQXDOFXWUDWHVDQGORQJWHUPVXVWDLQDELOLW\ILJXUHVIRUODUJHUXQLWV$Q\KRZWKH
IRUHVWUDQJHUZDQWVWRJHWULGRIVRPHPDQDJHDEOHXQLWV$QGZHFDQWDNHIRUVXUHKHZLOOQHHGPDSVIRU
KLVGD\WRGD\EXVLQHVV,QPDQ\(XURSHDQUHJLRQVWKHFRPPHUFLDOIRUHVWU\KDVGHYHORSHGIURPDFOHDU
FXWEDVHG WUDGLWLRQ WR GLIIHUHQW NLQGV RI VHOHFWLRQIHOOLQJPHWKRGV 7KH DSSOLFDWLRQ RI VXFK QDWXUHQHDU
WHFKQLTXHVUHVXOWVLQµ)X]]\)RUHVWV¶DIWHUVRPHGHFDGHVIRUHVWDUHDVZKLFKZLOOSHUVLVWHQWO\UHVLVWDQ\
NLQGRIYHFWRUVHJPHQWDWLRQ)X]]\)RUHVWVDUHDFKDOOHQJHLQ)03VDVZHOODVLQIRUHVWFDUWRJUDSK\$IWHU
UHDOL]LQJWKDWVSOLWWLQJ)X]]\)RUHVWVLQWRVPDOOVHJPHQWVPHDQVEDUNLQJXSWKHZURQJWUHHZHFDPHWR
WKHFRQFOXVLRQ WKDW/LGDUEDVHG IRUHVWDVVHVVPHQWZLOOSHUIHFWO\PHHWRXUUHTXLUHPHQWV$IWHUPDSSLQJ
KHFWDUHVRIIRUHVWODQGZLWKDLUERUQH/,'$5GDWD,ZLOOSUHVHQWGLIIHUHQWNLQGVRIVXFFHVVIXOO\
SURYHQ WKHPDWLF PDSV IX]]\ RU VHJPHQWHG GLVFXVV WKH PHWKRGV XVHG LQ SURGXFWLRQ KLJKOLJKW WKH
XVDELOLW\ DQG WKH IHHGEDFN IURP IRUHVW UDQJHUV DQG JLYH DQ RXWORRN KRZ VXFK JHRGDWD ZLOO JHQHUDWH
DGGHGYDOXHDVLQWHUDFWLYH)03VRQWDEOHW3&V
6LOYL/DVHU6HSW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Forest Aboveground Biomass Estimation using ICESat GLAS and 
Imagery Remote Sensing Data in the Greater Mekong Subregion 

3DQJ<RQJ/L=HQJ\XDQ+XDQJ.HELDR
,QVWLWXWHRI)RUHVW5HVRXUFH,QIRUPDWLRQ7HFKQLTXH&KLQHVH$FDGHP\RI)RUHVWU\
%HLMLQJ&KLQDFDISDQJ#JPDLOFRP]\#FDIDFFQ 
$VLD3DFLILF1HWZRUNIRU6XVWDLQDEOH)RUHVW0DQDJHPHQWDQG5HKDELOLWDWLRQ%HLMLQJ
&KLQDKXDQJBNHELDR#DSIQHWFQ 

Abstract 
 
)RUHVWVSOD\DQLUUHSODFHDEOHUROHLQPDLQWDLQLQJUHJLRQDOHFRORJLFDOHQYLURQPHQWJOREDOFDUERQ
EDODQFH DQG PLWLJDWLQJ JOREDO FOLPDWH FKDQJH )RUHVW DERYHJURXQG ELRPDVV $*% LV DQ
LPSRUWDQWLQGLFDWRURIIRUHVWFDUERQVWRFNV(VWLPDWLQJIRUHVWDERYHJURXQGELRPDVVDFFXUDWHO\
FRXOG VLJQLILFDQWO\ UHGXFH WKH XQFHUWDLQWLHV LQ WHUUHVWULDO HFRV\VWHPFDUERQ F\FOH7KH*UHDWHU
0HNRQJ6XEUHJLRQ*06LVULFKLQIRUHVWUHVRXUFHV WKHFKDQJHRIIRUHVWUHVRXUFHVDIIHFWWKH
UHJLRQDOHYHQJOREDOFOLPDWHFKDQJH,WLVLPSRUWDQWWRHVWLPDWHIRUHVW$*%ZLWKKLJKDFFXUDF\
PHWKRGVLQWKLVUHJLRQ5HPRWHVHQVLQJLVDQHIILFLHQWZD\WRHVWLPDWHIRUHVWSDUDPHWHUVLQODUJH
DUHD HVSHFLDOO\ DW UHJLRQDO VFDOH ZKHUH ILHOG GDWD LV VFDUFH /,'$5 SURYLGHV DFFXUDWH
LQIRUPDWLRQ RQ WKH YHUWLFDO VWUXFWXUH RI IRUHVWV &RPELQLQJ DLUERUQH /L'$5 DQG VSDFHERUQH
/L'$5 IRU UHJLRQDOIRUHVW ELRPDVVUHWULHYDO FRXOG SURYLGH D PRUHUHOLDEOH
DQGDFFXUDWHTXDQWLWDWLYHLQIRUPDWLRQLQUHJLRQDOIRUHVWELRPDVVHVWLPDWH,QWKLVVWXG\YHUWLFDO
VWUXFWXUHRIIRUHVWSDUDPHWHUVRIWZRIRUHVWIDUPVLQ<XQQDQSURYLQFH&KLQDZHUHGHULYHGXVLQJ
DLUERUQH/L'$5V\VWHP$/65HJUHVVLRQPRGHOVZHUHEXLOWEHWZHHQILHOGGDWDRIIRUHVW$*%
DQGSHUFHQWLOHVRIFDQRS\KHLJKWFDQRS\GHQVLW\GHULYHGIURP$/6SRLQWFORXGGDWD7KHKLJK
DFFXUDF\$/6HVWLPDWHGDQGILHOGPHDVXUHGIRUHVW$*%ZHUHXVHGDVWUDLQLQJGDWDIRUEXLOGLQJ
IRUHVW$*%HVWLPDWLRQPRGHOZLWK,&(6DW*/$6ZDYHIRUPLQGLFHV7KHQWKHIRUHVW$%*ZDV
HVWLPDWHGDW ,&(6DW*/$6IRRWSULQW OHYHOLQ*06$FFRUGLQJ WRGLIIHUHQWW\SHVRIHFRORJLFDO
]RQHV D VHW RI FDWHJRULFDO UHJUHVVLRQPRGHOVZDV EXLOW EHWZHHQ ,&(6DW*/$6HVWLPDWHV DQG
0(5,6VSHFWUDOYDULDEOHV7KHQD IRUHVWDERYHJURXQGELRPDVVPDSZLWKFRQWLQXRXVELRPDVV
YDOXHV ZDV JHQHUDWHG 7KH UHVXOWV VKRZHG WKDW  7KH LQWHJUDWHG PHWKRG EDVHG RQ ILHOG
PHDVXUHPHQWV DLUERUQH DQG VSDFHERUQH /L'$5 GDWD FDQ EH XVHG WR HVWLPDWH IRUHVW
DERYHJURXQGELRPDVVHIIHFWLYHO\7HQHVWLPDWLRQHTXDWLRQVZHUHEXLOWXVLQJUHJUHVVLRQGHFLVLRQ
WUHH PHWKRG 7KH RYHUDOO DYHUDJH HUURU RI WKH HVWLPDWLRQ PRGHOV ZDV  WRQKD ZLWK D
FRUUHODWLRQ FRHIILFLHQW RI  7KH HVWLPDWLRQ DJUHHGZHOOZLWK)$2)5$ UHSRUW DQG
RWKHUSXEOLVKHGUHVXOWVDQGWKHDYHUDJHGLIIHUHQFHZDV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Abstract 
 
Although significant efforts have been devoted to deriving forest structure and biomass using 
optical remote sensing data, relationships between spectral data and forest structure were often 
very weak, because the former is typically not very sensitive to changes in forest structure. 
However, optical remote sensing images, especially those produced through a series of 6 
Landsat instruments, have been available since 1972. This imagery record makes it possible to 
detect forest disturbance and calculate age since disturbance for up to four decades. Because 
forest age is often a good predictor of forest growth and yield, the age since disturbance 
information derived using time series Landsat observations has been found highly valuable for 
predicting forest height growth. For forests where no disturbance was observed by the Landsat 
systems since the 1970s, a spectral record of their growth in multiple decades with the 
knowledge that they are likely older than 40 years will allow better estimation of their structure. 
In this study, we develop an approach for mapping forest structure and biomass using time 
series Landsat observations. In this approach, forests are first divided into “young” forests that 
generated following disturbances recorded by the Landsat and “old” forests that did not 
experience stand-replacement disturbance event since the first available Landsat observation. 
Height and biomass for these two types of forest are modelled separately using empirical 
methods trained using lidar or field plot data. This approach is used to develop forest structure 
and biomass products over North Carolina.  
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LAI estimation using airborne lidar and DBInSAR data 
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Abstract 
 
7KHREMHFWLYHRIWKLVVWXG\3HGX]]LHWDOZDVWRGHWHUPLQHZKHWKHUOHDIDUHDLQGH[/$,
LQWHPSHUDWHPL[HGIRUHVWVLVEHVWHVWLPDWHGXVLQJPXOWLSOHUHWXUQDLUERUQHODVHUVFDQQLQJOLGDU
GDWD RU GXDOEDQG VLQJOHSDVV LQWHUIHURPHWULF V\QWKHWLF DSHUWXUH UDGDU GDWD IURP *HR6$5
DORQH RU ERWK LQ FRPELQDWLRQ ,Q VLWX PHDVXUHPHQWV RI /$, ZHUH PDGH XVLQJ WKH /L&RU
/$,3ODQW&DQRS\$QDO\]HURQSORWVKDUGZRRGSLQHPL[HGSLQHKDUGZRRG
VWDQG DJH UDQJLQJ IURP  \HDUV PHDQ KHLJKW UDQJLQJ IURP  WR  P LQ WKH
$SSRPDWWR[%XFNLQJKDP 6WDWH )RUHVW 9LUJLQLD 86$ /LGDU GLVWULEXWLRQDO PHWULFV ZHUH
FDOFXODWHGIRUDOO UHWXUQVDQGIRU WHQRQHPHWHUGHHSFURZQGHQVLW\VOLFHV DQHZPHWULF ILYH
DERYHDQGILYHEHORZWKHPRGHRI WKHYHJHWDWLRQUHWXUQVIRUHDFKSORW*HR6$5PHWULFVZHUH
FDOFXODWHGIURPWKH;EDQGEDFNVFDWWHUFRHIILFLHQWVIRXUORRNVDVZHOODVERWK;DQG3EDQG
LQWHUIHURPHWULFKHLJKWVDQGPDJQLWXGHVIRUHDFKSORW/LGDUPHWULFVDORQHH[SODLQHGRIWKH
YDULDELOLW\LQ/$,ZKLOH*HR6$5PHWULFVDORQHH[SODLQHG+RZHYHUFRPELQLQJWKHOLGDU
DQG*HR6$5PHWULFV LQFUHDVHG WKH5 WRZLWKD&9506(RI7KLVVWXG\ LQGLFDWHV
WKHFOHDUSRWHQWLDO IRU;EDQGEDFNVFDWWHUDQG LQWHUIHURPHWULFKHLJKW ERWKQRZDYDLODEOHIURP
VSDFHERUQHVHQVRUVZKHQFRPELQHGZLWKVPDOOIRRWSULQWOLGDUGDWDWRLPSURYH/$,HVWLPDWLRQ
LQ WHPSHUDWH PL[HG IRUHVWV 7KLV UHVXOW HYDOXDWHG LQ WKH FRQWH[W RI GHPRQVWUDWHG OLGDUUDGDU
V\QHUJLHVIRUELRPDVVHVWLPDWLRQLQERWKWKLVVWXG\DUHD%DQVNRWDHWDODQGLQSRQGHURVD
SLQHIRUHVWV+\GHHWDOSRLQWVWRWKHQHHGIRUIXUWKHUUHVHDUFKLQWRWKHFRPELQHGXVHRI
OLGDUDQGUDGDUGDWDIRUIRUHVWELRSK\VLFDOSDUDPHWHUHVWLPDWLRQ 

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Abstract
7ZRQRUWKHDVWHUQ2QWDULRERUHDOIRUHVWDUHDVWRWDOLQJPLOOLRQKHFWDUHVZHUH
SURYLGHGZLWKwall-to-wallFRYHUDJHRIDLUERUQH/L'$5DWDSSUR[LPDWHO\WR
SXOVHSHUP:LWKLQHDFKRIWKHWZRDUHDVZHGHILQHGVWDQGDUGIRUHVWW\SHVWKDW
ZHUHRILQWHUHVWWRORFDOPDQDJHUVDQGWKHQVDPSOHGHDFKRIWKHVHWKURXJKWKHUDQJH
RIGHYHORSPHQWVWDJHVSUHVHQWZLWKDSSUR[LPDWHO\WKLUW\PILHOGSORWV6WDQG
OHYHOLQYHQWRU\DWWULEXWHVPHDVXUHGIURPWKHVHSORWVZHUHUHJUHVVHGRQVHOHFWHG
/L'$5SRLQWFORXGVWDWLVWLFVE\IRUHVWW\SHWRSURGXFHSDUDPHWULFSUHGLFWLYHPRGHOV
IRUEDVDODUHDDYHUDJHWUHHVL]HKHLJKWGLDPHWHUVWHPYROXPHVWHPGHQVLW\YROXPH
JURVVWRWDOJURVVPHUFKDQWDEOHDQGVDZORJDERYHJURXQGELRPDVVDQGWUHHVL]H
GLVWULEXWLRQ,QYDOLGDWLRQWKHVHPRGHOVUHYHDOHGFRHIILFLHQWVRIYDULDWLRQIRU
SUHGLFWHGYHUVXVREVHUYHGYDOXHVWKDWZHUHW\SLFDOO\DERXWIRUDYHUDJHWUHHVL]H
YDULDEOHVDQGDERXWIRUVWDQGYROXPHW\SHYDULDEOHV7KHPRGHOVZHUHWKHQ
XVHGWRSURGXFHPPSUHGLFWLYHUDVWHUVIRUWKHIRUHVWLQYHQWRU\YDULDEOHV
DFURVVHDFKRIWKHIRUHVWV7KHVHUDVWHUVKDYHSURYHQKLJKO\XVHIXOIRULQIRUPLQJ
GHFLVLRQVDQGLPSURYLQJWKHHIILFLHQF\RIIRUHVWRSHUDWLRQVWKURXJKEHWWHUSODQQLQJ
RSWLPXPVHOHFWLRQRIKDUYHVWLQJHTXLSPHQWDQGEHWWHUDOORFDWLRQRIUDZPDWHULDOVWR
PLOOIDFLOLWLHV$VVXPLQJIRUHVWW\SHGHILQLWLRQFRPSDWLELOLW\SUHGLFWLYHPRGHOVPD\
EHWUDQVIHUDEOHIURPRQHIRUHVWWRWKHRWKHUKRZHYHUWKHQHHGWRYDOLGDWHVXFK
WUDQVIHUVDQGFRUUHFWIRUELDVPD\RIIVHWDQ\SRWHQWLDOFRVWVDYLQJV$GLVDGYDQWDJHRI
WKHSDUDPHWULFPRGHOEXLOGLQJDSSURDFKXVHGLVWKDWLWGHSHQGVRQWKHSUHH[LVWHQFHRI
VWUDWLILFDWLRQE\IRUHVWW\SHHJFXUUHQWIRUHVWUHVRXUFHLQYHQWRU\SRO\JRQVDQGWKDW
WKLVVWUDWLILFDWLRQLVDFFXUDWHDWWKHVFDOHRIWKHPP/L'$5EDVHGSUHGLFWLRQ
XQLW,QFUHDVLQJO\SRSXODUQRQSDUDPHWULFDSSURDFKHVHJ5DQGRP)RUHVWDUH
DOORZLQJXVWRPDNHSUHGLFWLRQVLQWKHDEVHQFHRIVXFKVWUDWLILFDWLRQ$OWHUQDWLYHO\ZH
KDYHKDGHDUO\VXFFHVVLQWKHSUHGLFWLRQRIIRUHVWW\SHGLUHFWO\IURP/L'$5
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Challenges for Measuring and Monitoring Global Forest Carbon 
Stocks and Change Using Lidar Remote Sensing  

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*HRJUDSKLFDO6FLHQFHV8QLYHUVLW\RI0DU\ODQGGXED\DK#XPGHGX
:RRGV+ROH5HVHDUFK&HQWHUJRHW]#ZKUFRUJ


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Abstract  

)RUHVWPRQLWRULQJXVLQJDLUERUQHDQGVDWHOOLWHGDWDKDVDGYDQFHGWUHPHQGRXVO\RYHUWKHSDVWIHZ
GHFDGHV WR WKH SRLQW WKDW WKHVH GDWDVHWV QRZ LQIRUP LQWHUQDWLRQDO SROLF\ DJUHHPHQWV QRWDEO\
WKRVHDVVRFLDWHGZLWKHPLVVLRQVRI&2LQWRWKHDWPRVSKHUHIURPGHIRUHVWDWLRQDQGRWKHUW\SHV
RI ODQGXVHFKDQJH+RZHYHU WHFKQRORJLFDODGYDQFHVUHTXLUH WLPH WRPRYH WRZDUGVDVWDWHRI
RSHUDWLRQDOUHDGLQHVVIRUJOREDOPRQLWRULQJDQGUHSRUWLQJDQGWKLVKDVEHHQWKHFDVHZLWKOLGDU
UHPRWH VHQVLQJ PHWKRGV :KLOH OLGDU KDV SURPLVHG WR UHYROXWLRQL]H JOREDO IRUHVW FDUERQ
PHDVXUHPHQWV VLJQLILFDQW FKDOOHQJHV SHUVLVW $PRQJ WKHVH DUH WKH ODUJH JDS LQ FDSDELOLW\
EHWZHHQ DLUERUQH DQG VSDFHERUQH OLGDU DQG WKH ODFN RI VWDEOHPHWKRGRORJLFDO IUDPHZRUNV IRU
HVWLPDWLQJFDUERQVWRFNV7KHHQGUHVXOWLVWKHJHQHUDWLRQRISURGXFWVWKDWRIWHQDUHLQFRQVLVWHQW
LQDFFXUDWHDQGZKRVHHUURUVDUHQRWZHOOFKDUDFWHUL]HG ,QWKLVWDONZHH[SORUHWKHFXUUHQWDQG
IXWXUHVWDWXVRIOLGDUZLWKLQWKHFRQWH[WRIQH[WJHQHUDWLRQHDUWKREVHUYDWLRQPLVVLRQVLQVXSSRUW
RIVFLHQFHDFWLYLWLHVDQGLQWHUQDWLRQDOSURJUDPVVXFKDV5('':HZLOOKLJKOLJKWDUHDVZKHUH
LPSURYHPHQW LV UHTXLUHGDQGGLVFXVVSRWHQWLDODSSURDFKHV IRU UHJLRQDODQGJOREDOPRQLWRULQJ
6XFKDSSURDFKHVPRVWOLNHO\ZLOOEHEDVHGRQWKHGHSOR\PHQWRIQHZLQVWUXPHQWVDGYDQFHVLQ
PXOWLVHQVRUIXVLRQWHFKQLTXHVDQGDPXFKWLJKWHUFRXSOLQJEHWZHHQVWUXFWXUHREVHUYDWLRQVDQG
PRGHOV$VSDUWRIDFRPSUHKHQVLYHVXLWHRIHDUWKREVHUYDWLRQ WHFKQRORJLHV OLGDU LVSRLVHG WR
SOD\DGHILQLWLYHUROHEXWWRGRVRZLOOUHTXLUHDWWHQWLRQWRWKHVHLVVXHVDQGSHUVLVWHQWDGYRFDF\
IRUJOREDOPHDVXUHPHQWFDSDELOLWLHVEDVHGRQOLGDUDQGRWKHUDFWLYHUHPRWHVHQVLQJ

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$EVWUDFW
,Q WKH V DQG µV 5REHUW 0DF$UWKXU DQG FROOHDJXHV FRPELQHG SDLQVWDNLQJ ILHOG GDWD
FROOHFWLRQ XVLQJ ODGGHUV ZLWK HOHJDQW PDWKHPDWLFDO UHDVRQLQJ WR HVWDEOLVK IXQGDPHQWDO
HFRORJLFDO WKHRU\ UHODWLQJDQLPDODQGSODQWVSHFLHVGLYHUVLW\ZLWKHFRV\VWHPYHUWLFDO VWUXFWXUH
z  7RGD\¶VJURZLQJ VWRUHKRXVHRI/L'$5GDWDSURYLGHV VLJQLILFDQWRSSRUWXQLW\ WR DGYDQFH
WKHQH[WEUHDNWKURXJKVLQXQGHUVWDQGLQJGLPHQVLRQDOx, y, z, tSDWWHUQVLQELRGLYHUVLW\DKLJK
SULRULW\LQRXUZRUOGRIVSHFLHVGHFOLQHDQGXQSUHFHGHQWHGHQYLURQPHQWDOFKDQJH  $QHZZDYH
RI VWXG\ KDV EHJXQ WR GHPRQVWUDWH WKDW /L'$5EDVHG VWUXFWXUDO YDULDEOHV SURYLGH XQLTXH
LQIRUPDWLRQ WRTXDQWLI\ WKHSUHVHQFHDEVHQFH VSHFLHVULFKQHVVGLYHUVLW\DQGRUKDELWDWTXDOLW\
RIDJURZLQJQXPEHURIWD[RQRPLFJURXSVLQFOXGLQJSODQWVELUGVPDPPDOVILVKEHHWOHVDQG
VSLGHUV  :KLOH UHFHQW VXFFHVVHV DUH KLJKO\ SURPLVLQJ FKDUDFWHUL]LQJ ELRGLYHUVLW\ LV D
FKDOOHQJLQJHQGHDYRXUGHPDQGLQJWKHKLJKHVWOHYHORILQWHUGLVFLSOLQDU\FRPPXQLFDWLRQDQGVNLOO 
,QOLJKWRIWKHVHFKDOOHQJHVZHSURSRVHIRXUUHFRPPHQGDWLRQVIRUIXWXUHHIIRUWWRDGYDQFHWKH
UROH RI /L'$5 LQ DVVHVVLQJ ELRGLYHUVLW\   Integration and collaboration,  Focus on 
function, DQG  Technology transfer, DOO RI ZKLFK VKRXOG RFFXU ZLWKLQ 
Management-relevant contexts  Integration and collaboration LV QHHGHG WR FRRUGLQDWH DQG
V\QWKHVL]H /L'$5 DQG RWKHU UHPRWHO\ VHQVHG GDWDVHWV ZLWK ILHOGEDVHG VSHFLHV FHQVXV GDWD
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LQD IDVWDQGREMHFWLYHZD\DUHFXUUHQWO\UDUH:HDGDSWHGH[LVWLQJPHWKRGLFDODSSURDFKHVIRU
ELRPDVV HVWLPDWLRQV IURP WHUUHVWULDO ODVHU VFDQQLQJ GHYHORSHG IRU PDWXUH VWDQGV LQ RUGHU WR
SHUIRUP VLQJOH VFDQ PHDVXUHPHQWV RI GLDPHWHU DW EUHDVW KHLJKW LQ H[WUHPHO\ GHQVH FRSSLFH
aVWHPVKD7UHHVWHPVDQGDFFRUGLQJGLDPHWHUVDWEUHDVWKHLJKWZHUHDXWRPDWLFDOO\
GHWHFWHGE\DQDOJRULWKPDQGZHUHXVHGDV LQSXW IRUDOORPHWULF UHJUHVVLRQPRGHOV LQRUGHU WR
HVWLPDWH WKH GU\ZHLJKWV RI HDFK WUHH$V D WULEXWH WR WKH GHQVH VWRFNLQJ RQ WKH LQYHVWLJDWHG
VWDQGV RXU VWXG\ SORWVZHUH VPDOOHU FLUFXODU Pð WKDQ LQ SUHYLRXV VWXGLHV IRFXVLQJ RQ
PDWXUHIRUHVWVHJ0DDVHWDO
5HVXOWVZHUH IRXQG WREHFRQVLVWHQWZLWK DPHDQDEVROXWH HUURU 0$(RINJ IRU WKHGU\
ZHLJKWHVWLPDWLRQSHUSORWZKLFKLVHTXDOWRDUHODWLYHHUURURI:LWKUHVSHFWWRWKHVWURQJO\
UHGXFHGDPRXQWRIILHOGZRUNWKHPHWKRGLVWKHUHIRUHRIKLJKHIILFLHQF\:LWKWKHQHZDSSURDFK
UHOLDEOHDVVHVVPHQWVRIWKHELRHQHUJ\SRWHQWLDOVEHFRPHSRVVLEOHIRUFRSSLFHVWDQGVLIEDVHGRQ
VRXQGVDPSOLQJGHVLJQVHJUHJXODUVDPSOLQJJULGV6XFKIXOO\DXWRPDWLFDQGQRQGHVWUXFWLYH
ELRPDVV HVWLPDWLRQV ZLOO SOD\ DQ LPSRUWDQW UROH LQ IXWXUH UHVRXUFH PDQDJHPHQW LQ RUGHU WR
VXSSRUWPLWLJDWLQJFOLPDWHFKDQJH 
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WRGHWHUPLQHWKHHOHYDWLRQRIHDFK/L'$5UHWXUQ:*6LVWKHPRVWFRPPRQFRRUGLQDWHIUDPH
XVHGE\*36HTXLSPHQWV,QVRPHRFFDVLRQV/L'$5ILOHVPD\FRPHZLWKQHJDWLYHYDOXHVIRU
HOHYDWLRQFDXVHGE\GLIIHUHQFHVEHWZHHQWKHUHDOVXUIDFHDQGWKHUHIHUHQFHHOOLSVRLG7KLVSDSHU
LQYHVWLJDWHVKRZ/L'$5GDWDQHJDWLYHYDOXHVDIIHFWWKHJHQHUDWLRQRI'70ZKHQWKH.UDXV	
3IHLIHUDOJRULWKPLVXVHGDQGKRZWRDYRLGPLVWDNHVLQVXFKFDVHV7KHFUHDWLRQRI'70IURP
/L'$5GDWDVHW LVEDVHGRQ WKHUHFRJQLWLRQRIUHWXUQSRLQWVDVVRFLDWHGZLWKJURXQGOHYHO7KLV
PHDQVWRVFDQWKH/L'$5FORXGDQGLGHQWLI\ZKLFKUHWXUQFDPHIURPWKHLQWHUDFWLRQRIWKHODVHU
DQGWKHJURXQG7KHILOWHUDOJRULWKPSURSRVHGE\.UDXVDQG3IHLIHULQDSSOLHVZHLJKWVIRU
HDFK/L'$5SRLQWDVDIXQFWLRQRIWKHGLVWDQFHIRUDVXUIDFHUHIHUHQFH%DVHGRQWKRVHZHLJKWV
D QHZ VXUIDFH LV JHQHUDWHG 3RLQWV EHORZ WKH UHIHUHQFH VXUIDFH VKRXOG LQIOXHQFH PRUH WKDQ
SRLQWV DERYH WKH UHIHUHQFH VXUIDFH ,QWHUDFWLYHO\ D QHZ VXUIDFH LV JHQHUDWHG XVLQJ WKH SRLQWV
ZKLFK PRVW SUREDEO\ UHSUHVHQW WKH WHUUDLQ 7KH VWXG\ ZDV EDVHG RQ GDWD VDPSOHG IURP WKH
FRDVWDODUHDRIWKH9DQFRXYHU,VODQG7RHOLPLQDWHQHJDWLYHYDOXHVDQRIIVHWZDVDSSOLHGWRWKH
GDWD FRQVLGHULQJ WKH PLQLPXP YDOXH %RWK GDWDVHWV RULJLQDO DQG RIIVHW ZHUH VXEPLWWHG WR
VSHFLILF)86,21DQG2FWDYHURXWLQHV7KHVXUIDFHFUHDWHG LQ)86,21IURPWKHRULJLQDOGDWD
VHWPLVVHGDOOWKHQHJDWLYHYDOXHVDQGGLGQRWERXQGWKHJURXQGSRLQWV,QRSSRVLWHLIWKHRIIVHW
LVDSSOLHGWRWKHGDWDHOLPLQDWLQJWKHQHJDWLYHYDOXHVWKHVXUIDFHERXQGVFRUUHFWO\7KH.UDXV
DQG 3IHLIHU ILOWHU LPSOHPHQWHG LQ2FWDYH VKRZHG WKDW WKH DOJRULWKPZRUNV SURSHUO\ IRU ERWK
VLWXDWLRQVQHJDWLYHDQGSRVLWLYHYDOXHV7KHUHVXOWVKRZVWKHGLVWRUWLRQGLGQRWFRPHIURPWKH
ILOWHUSURFHGXUH 1HJDWLYHYDOXHVDULVHEHFDXVHRIWKHDVVXPSWLRQWKDWWKHVKDSHRIWKH(DUWKLVD
VPRRWK HOOLSVRLG &RQVHTXHQWO\ QDWXUDO YDULDWLRQV RQ WKH UHDO VXUIDFH RI WKH (DUWK FDQ RIWHQ
JHQHUDWHQHJDWLYHHOHYDWLRQV7RHOLPLQDWHWKHHIIHFWRIWKHVHQHJDWLYHYDOXHVLQWKHSURFHVVRI
GLJLWDOO\PRGHOLQJWKHWHUUDLQDQHIIHFWLYHDQGVLPSOHDSSURDFKLVWRDSSO\WKHRIIVHWWLQJPHWKRG
EDVHGRQWKHPRVWQHJDWLYHREVHUYHGYDOXHLQWKH/L'$5GDWDVHW$OWHUQDWLYHO\DQRWKHUSRVVLEOH
DSSURDFKLVWRFKDQJHWKHUHIHUHQFHV\VWHPXVHGWRUHSUHVHQWWKHVKDSHRIWKH(DUWK
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:HEVRFNHW DQG YLVXDOL]HG ZLWK ;'20 WKDW DOORZV WR LQWHJUDWH ;' HOHPHQWV DV SDUW RI
+70/'20WUHH1RVSHFLILFSOXJLQVIRUWKHEURZVHUDUHUHTXLUHGE\WKHIUDPHZRUNZKLFK
H[WHQGV WKH DYDLODELOLW\ RI WKH/L'$5GDWD IRU DJULFXOWXUH UHODWHG DSSOLFDWLRQV7KH SURSRVHG
RQOLQHDJULFXOWXUH/L'$5SRLQWFORXGYLVXDOL]DWLRQIUDPHZRUNLVLOOXVWUDWHGLQ)LJ)LUVWWKH
/L'$5GDWDVHWLVWUDQVPLWWHGLQWRXVHUEURZVHUE\:HEVRFNHW7KHQWKHUHFHLYHGSRLQWGDWDLV
FRQYHUWHGLQWR'20REMHFWLQ;'IRUPDWDQGGLUHFWO\XSGDWHGLQWKH+70/FRQWHQW)LQDOO\
;'20 ZLOO DXWRPDWLFDOO\ YLVXDOL]H WKH ' VFHQHV LQ WKH FUHDWHG '20 REMHFWV EDVHG RQ
:HE*/,QWKHXVHUFOLHQW LI:HE*/VXSSRUWHGEURZVHU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LVLQVWDOOHGWKH'SRLQWFORXGVZLOOEHYLVXDOL]HGE\WKHSURSRVHG
IUDPHZRUNZLWKRXWDQ\SOXJLQ1H[WZHZLOOLQWURGXFHLPSOHPHQWDWLRQGHWDLOVRIWKHSURSRVHG
IUDPHZRUN
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LPSOHPHQWHGLQ/$1QHWZRUNHQYLURQPHQW7KHVHUYHULV7RPFDWUXQQLQJRQD3&ZLWK,QWHO
&RUH 4XDG *+] &38 *% 5$0 DQG0LFURVRIW:LQGRZ;3 63 7KH EURZVHU LV
0R]LOOD1LJKWO\UXQQLQJRQDODSWRSZLWK,QWHO&RUH'XR*+]&38*%5$0DQG
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Abstract 
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:HSUHVHQW D QHZDSSURDFK WR SUHGLFW JURXQG VORSH DQJOHV EDVHG RQ WKH UHWXUQ VLJQDO RI IXOO
ZDYHIRUP/L'$5LQGHSHQGHQWO\RIDQ\'(07KLVDSSURDFKDGGUHVVHVWKHLVVXHVVORSHGWHUUDLQ
KDVSRVHGZLWKLQWKHHQYLURQPHQWDOUHPRWHVHQVLQJVFLHQWLILFFRPPXQLW\IRUVRPHWLPHQRZDV
VORSHV LQFUHDVH WKH OLNHOLKRRG RI VSXULRXV GHULYDWLRQV RI ELRSK\VLFDO SDUDPHWHUV VXFK DV
YHJHWDWLRQKHLJKWFURZQVL]HDQGELRPDVVHVWLPDWHV$SSO\LQJWKHPRGHOWRVSDFHERUQH/L'$5
ZDYHIRUPVVKRZVJUHDWSRWHQWLDOIRUDFFXUDWHLGHQWLILFDWLRQRIJURXQGVORSH
7KHPRGHOUHOLHVRQVRPHLQLWLDOLVDWLRQGDWDFRQVLVWLQJRINQRZQVORSHYDOXHVWKDWFRUUHVSRQG
WR WKH LGHQWLILHG ZDYHIRUP IHDWXUHV XVHG E\ WKH PRGHO LQ LW
V SUHGLFWLRQ SURFHVV 7KLV
LQLWLDOLVDWLRQGDWDDFWVDVDEDVLVIURPZKLFKVORSHSUHGLFWLRQVFDQEHPDGH8VLQJWKHPRGHO
VORSHSUHGLFWLRQVZHUHPDGHIRUDVLPXODWHGZDYHIRUPVIRUVORSHVEHWZHHQ°DQG°IURP
WKH)/,*+7UDGLDWLYHWUDQVIHUPRGHOZKLFKFRQVLGHUVIRUHVWJHRPHWULHVDQGSDUDPHWHUVWRPDS
WKHSDWKRILQFLGHQWSKRWRQVIURPVRXUFHWRGHWHFWRULQRUGHUWREXLOGXSDZDYHIRUPLPDJHDQG
EZDYHIRUPV IURP WKH*HRVFLHQFH/DVHU$OWLPHWHU6\VWHP */$6 SUHYLRXVO\RQERDUG WKH
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Abstract  
 
The introduction of terrestrial LiDAR (Light Detection And Ranging) allows for measuring 
forest structure with high detail and accuracy. Terrestrial laser scanning could be used for the 
calibration in broad scale biomass mapping. Earlier work on the use of terrestrial LiDAR in 
Australian forests (Lovell et al., 2003) showed the potential of terrestrial LiDAR to measure gap 
probability and plant density profiles but the value of these parameters in biomass estimation 
has not been fully explored. It is still unclear if parameters inferred from LiDAR scans, such as 
canopy cover and tree height, are required for accurate biomass estimation or if there is a link to 
directly inferred parameters (e.g. gap probability and plant density profiles) from LiDAR scans. 
 
Terrestrial LiDAR data has been acquired in different Australian forest types during the period 
March – June 2012. The forest types are: open woodland, Eucalypt open forest and sub-tropical 
rainforest. Data was collected in 14 plots, covering a wide range of plot biomass. Each plot 
consisted of 5 scan locations. The terrestrial LiDAR data has been acquired with the RIEGL 
VZ-400 3D terrestrial scanner. The scanner settings were the same for all the data collection and 
a similar plot setup was used across the different forest types. The RIEGL VZ-400 scanner 
collects multiple return LiDAR data (up to four returns per emitted pulse) as well as additional 
waveform data. 
 
Here, we compare and contrast plant density profiles from terrestrial LiDAR data for different 
forest types in Australia. Metrics derived from these profiles are then used to estimate biomass. 
Reference biomass data from field measurements is available for all the forest types and is used 
to validate the biomass inferred from the terrestrial LiDAR data. The inferred biomass will also 
be compared to estimates derived from established allometric equations. 
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Canopy density (CD) is described as the percentage of terrain area overgrown by tree crowns or 
vegetation, in general. It is an indicator for important bio-physical parameters, such as light 
transmittance or interception. Usually it does not account for the stratification of plants below the 
canopy. However, research has shown that structural diversity in forests, both in horizontal and 
vertical direction, is a key indicator for various forest functions. These include productivity, habitat 
quality and protection against natural hazards, such as landslides, avalanches or rock fall. Thus, 
acquisition of vegetation layer structure and CD is part of modern field inventory in forestry, 
although most often only in the form of random or regular sampling within the inventory plots.  
 
Within this study a method for area-wide estimation of forest layer structure and canopy density is 
described. It follows the applicable definition in the Austrian forest inventory, which states a 
classification into three vegetation layers (canopy and two sub-canopies) at fixed height intervals. 
The study site is located in the Stand Montafon of the federal state of Vorarlberg in the western part 
of Austria and is dominated by coniferous tree species. A medium density airborne laser scanning 
(ALS) point cloud (~4 echoes per m²) acquired under leaf-off conditions is used for the analysis. The 
proposed methodology exploits the fact that ALS can pass through small gaps in the foliage or 
intertwined branches and can directly map sub-canopy vegetation in 3D. The vertical distribution of 
the laser echoes allows drawing conclusions on the structural complexity of the vegetation and, 
moreover, the occurrence of multiple sub-canopy layers overgrowing each other. Additionally, it has 
to be assumed that occlusion by upper layers reduces the probability for lower ones to be reached by 
the laser pulses. A point cloud based, but nevertheless computationally fast approach for the 
characterization of the canopy and sub-canopy layers is proposed. The method accounts for the 
above mentioned occlusion effect by considering the dependency between overlapping layers in a 
multiple linear regression model for the prediction of the vegetation layer coverage. Raster maps 
describing the coverage for each of the three canopy layers are created. CD is subsequently derived 
on a raster basis as the aggregation of the derived canopy layer maps. 
 
For training and evaluation purposes two data sets, namely 488 inventory plots and a more detailed 
500 x 50 m transect of manually collected forestry data including crown radii and vegetation layer 
coverage, are used. Results show that the method works reliably for the top most layer (R² = 0,82) 
and CD (R² = 0,72), whereas it tends to underestimate the coverage of the two sub-canopies 
(R² = 0,68 and 0,53). This drawback can be overcome using full-waveform ALS data, which tends to 
produce more echoes in general and depicts lower layers with higher detail. The presented method 
incorporates operative forest inventory data and district-wide ALS-data, thus it is operationally 
applicable for area-wide estimation of forest layer structure. 
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Does forest structure affect the Normalized Difference Vegetation 
Index? 
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Abstract  

$Q HIILFLHQW DQG FRVWHIIHFWLYH WRWDO VDPSOLQJ DVVHVVPHQW WRRO LV UHTXLUHG IRU EHWWHU QDWXUDO
UHVRXUFH PDQDJHPHQW 5HPRWH VHQVLQJ GDWD GHULYHG IURP VDWHOOLWH DQG DLUERUQH VHQVRUV LV
VXSHULRU WR ILHOG VXUYH\GDWD LQ WHUPVRIKLJKVSDWLDOFRYHUDJHQHDU VLPXOWDQHRXV DFTXLVLWLRQ
UHSHDWHGUHJLRQDODFFRXQWLQJDQGFRVW7RGDWHPRVWQDWXUDOUHVRXUFHUHPRWHVHQVLQJKDVEHHQ
XQGHUWDNHQ XVLQJ SDVVLYH VHQVLQJ WHFKQRORJLHV PDLQO\ LQ WKH YLVLEOHVKRUWZDYH LQIUDUHG UHG
SRUWLRQVRIWKHHOHFWURPDJQHWLFVSHFWUXP7KH1RUPDOLVHG'LIIHUHQFH9HJHWDWLRQ,QGH[1'9,
FRPSXWHGIURPWKHVHSRUWLRQVRIWKHHOHFWURPDJQHWLFVSHFWUXPLVRQHRIWKHPRVWZLGHO\XVHG
WHFKQLTXHVWRPDNHTXDQWLWDWLYHHVWLPDWHVRIYHJHWDWLRQSURSHUWLHV,QIRUHVWU\QXPHURXVSDSHUV
KDYH GRFXPHQWHG WKH XWLOLW\ RI /L'$5 IRU WKH HVWLPDWLRQ RI IRUHVW DWWULEXWHV 7KH V\QHUJ\
EHWZHHQ WKRVH WHFKQLTXHV PLJKW H[WHQG DSSOLFDWLRQ SRWHQWLDO JUHDWO\ +RZHYHU LW KDV EHHQ
UHSRUWHG WKDW WKH 1'9, YDOXHV DUH VXVFHSWLEOH WR YDULRXV SK\VLFDO HIIHFWV VXFK DV WKH
DWPRVSKHULF FRQGLWLRQ DW WKH WLPH RI GDWD DFTXLVLWLRQ WRSRJUDSK\ DQG EDUH VRLO XQGHU WKH
YHJHWDWLRQFRYHU)XUWKHUPRUHZKHQWKH1'9,YDOXH LVFDOFXODWHGIRU IRUHVWHGDUHD LW LVDOVR
WKH FRQFHUQ ZKDW VWUXFWXUDO FRPSRQHQWV UHIOHFW PRVWO\ RQ WKH YDOXH 7KHUHIRUH LQ RUGHU WR
REWDLQ EHWWHU XQGHUVWDQGLQJ RI WKH 1'9, YDOXH LQ WKH IRUHVWHG ODQGVFDSH WKH UHODWLRQVKLS
EHWZHHQ IRUHVW VWUXFWXUH DQG WKH 1'9, YDOXHV GHULYHG IURP 6327 VDWHOOLWH LPDJH LQ
(XFDO\SWXVIRUHVWZDVH[DPLQHGXVLQJ/L'$5GHULYHGIRUHVWVWUXFWXUHYDULDEOHVRSHQLQJDERYH
WKHJURXQGORZYHJHWDWLRQDQGPHGLXPYHJHWDWLRQFDQRS\FRYHUWKHDPRXQWRIORZPHGLXP
DQG KLJK YHJHWDWLRQ DQG YHUWLFDO GHQVLW\ RI KLJK WUHHV 3UHOLPLQDU\ VWDWLVWLFDO DQDO\VLV ZLWK
3HDUVRQFRUUHODWLRQFRHIILFLHQWVKRZHGWKDWWKHPHDQ1'9,YDOXHZDVSRVLWLYHO\FRUUHODWHGZLWK
WKHDPRXQWRIORZDQGPHGLXPYHJHWDWLRQ7KLVLQGLFDWHVWKDWWKHSUHVHQFHDPRXQWRIPLGDQG
XQGHUVWRUH\YHJHWDWLRQXQGHUFDQRS\WUHHVPD\DOVRKDYHDQLPSDFWRQGHWHUPLQLQJWKH1'9,
YDOXHVLQIRUHVWHGODQGVFDSH

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Radiometric Analysis of Mulit-Wavelength Airborne Laser Scanning 
Data of Different Case Study 
 
 
Christian Briese1, Martin Pfennigbauer2, Andreas Ullrich3 & Norbert Pfeifer4 
 
1Institut of Photogrammetry and Remote Sensing of the Vienna University of 
Technology, Vienna, Austria, and LBI for Archaeological Prospection and Virtual 
Archaeology, Vienna, Austria, cb@ipf.tuwien.ac.at 
2RIEGL Laser Measurement Systems GmbH, Austria, mpfennigbauer@riegl.com 
2RIEGL Laser Measurement Systems GmbH, Austria, aullrich@riegl.com 
4Institut of Photogrammetry and Remote Sensing of the Vienna University of 
Technology, Austria, np@ipf.tuwien.ac.at 
 
Paper Number:  #SL2012-047 
 
Abstract 
 
Airborne laser scanning (ALS) is widely used for the acquisition of urban and rural areas. 
Nowadays a wide range of ALS sensors with different technical specifications can be found. 
One key parameter is the laser wavelength which determines the instrument’s relative ranging 
capabilities due to the wavelength-dependent backscatter characteristic of the sensed surfaces. 
Next to the geometric information (i.e. the location in space) current ALS sensors usually record 
amplitude information for each echo. In order to utilize this information for the study of the 
backscatter characteristics of the sensed surface, radiometric calibration is essential. This paper 
focuses on the radiometric calibration of multi-wavelength ALS data as opposed to 
conventional monochromatic (single-wavelength) ALS data. After a short introduction theory 
and practice of the radiometric calibration of ALS data based on in-situ reference surfaces is 
presented. Based on individual monochromatic radiometric reflectance readings a calibrated 
multi-wavelength reflectance image can be generated. It is important to note that this image is 
not influenced by shadows (due to the active illumination of the sensed surface) and from a 
geometric viewpoint the position of the objects on top of the terrain surface is not altered (true 
orthophoto). Within this paper the approach is demonstrated for two projects both comprising 
three different single-wavelength ALS data acquisitions (532nm, 1064nm, and 1550nm). One 
project covers the area of the city of Horn in Austria and the other covers a rural area near Horn 
containing woods, fields, open grass land, a small lake, and a small village.  
The practical results presented here show the applicability of calibrating multi-wavelength 
radiometric imagery from ALS data and provide an insight into the challenges of radiometric 
processing and exploitation of multi-wavelength ALS data. Based on the resulting 
multi-wavelength reflectance information spectral analysis of the radiometric behavior of the 
sensed surfaces at the three different wavelengths is possible. Furthermore, the analysis of the 
ALS data focuses on the point clouds obtained with the three different laser scanners with 
respect to point density, multi-target resolution, scan alignment, vegetation penetration, and 
water surface and ground caption. 
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Dual-wavelength laser scanning for measurement of vegetation 
moisture content 

5*DXOWRQ)0'DQVRQ	)$5DPLUH]

6FKRRORI&LYLO(QJLQHHULQJ	*HRVFLHQFHV1HZFDVWOH8QLYHUVLW\ 
1HZFDVWOHXSRQ7\QH1(588.UDFKHOJDXOWRQ#QFODFXN
6FKRRORI(QYLURQPHQWDQG/LIH6FLHQFHV8QLYHUVLW\RI6DOIRUG6DOIRUG0:7
8.IPGDQVRQ#VDOIRUGDFXN


3DSHU1XPEHU  6/

Abstract  

%LRFKHPLFDOSURSHUWLHVRIYHJHWDWLRQVXFKDVPRLVWXUHFRQWHQWFDQEHLPSRUWDQWLQGLFDWRUVRI
SODQW KHDOWK SODQW SK\VLRORJLFDO UHVSRQVH WR HQYLURQPHQWDO VWUHVV DQG RI GLVHDVH 7KHVH DUH
LVVXHV RI JOREDO FRQFHUQZLWK LQFUHDVHG IUHTXHQF\ DQG VHYHULW\ RI GURXJKWV LQPDQ\ IRUHVWHG
UHJLRQV DQG ULVLQJ UDWHV RI VSUHDG RI IRUHVW SHVWV'XDOZDYHOHQJWK ODVHU VFDQQLQJ SURYLGHV D
SURPLVLQJDSSURDFK WRGHWHFWHDUO\VLJQVRIYHJHWDWLRQVWUHVVZLWKVLJQLILFDQWDGYDQWDJHVRYHU
SDVVLYH UHPRWH VHQVLQJ DSSURDFKHV )LUVWO\ ODVHU VFDQQLQJ LV QRW UHOLDQW RQ LOOXPLQDWLRQ
FRQGLWLRQVDQGVHFRQGO\LWDOORZVVHSDUDWLRQRIWKHLQIOXHQFHRIFDQRS\FRPSRQHQWVDQGRIWKH
XQGHUVWRUH\RUVRLORQHVWLPDWHVRIELRFKHPLFDOSDUDPHWHUV 

7KH6DOIRUG$GYDQFHG/DVHU&DQRS\$QDO\VHU6$/&$LVDXQLTXHKHPLVSKHULFDOO\VFDQQLQJ
IXOOZDYHIRUPWHUUHVWULDOODVHUVFDQQHUWKDWRSHUDWHVXVLQJWZRODVHUZDYHOHQJWKVQPDQG
QPWKHRUHWLFDOO\DOORZLQJFDOFXODWLRQRIUDWLRVVHQVLWLYHWRYHJHWDWLRQPRLVWXUHFRQWHQW
7KLVSDSHUSUHVHQWVLQLWLDOUHVXOWVRIOHDIRSWLFDOSURSHUWLHVPRGHOOLQJDQGOHDIOHYHOODERUDWRU\
PHDVXUHPHQWV WRDVVHVV WKLVFDSDELOLW\DQGGHWHUPLQHVHQVLWLYLW\ WRPRLVWXUHFRQWHQW7KURXJK
UHSHDWHG VFDQV RI GU\LQJ OHDYHV D VWURQJ DOPRVW OLQHDU UHODWLRQVKLS 5  ZDV IRXQG
EHWZHHQ D QRUPDOLVHG UDWLR RI WKH  QP DQG  QPZDYHOHQJWKV DQG(TXLYDOHQW:DWHU
7KLFNQHVV(:7RIWKHOHDYHV+RZHYHUVLJQLILFDQWZLWKLQOHDIYDULDWLRQLQWKHUDWLRZDVDOVR
GHWHFWHGPRVWOLNHO\GXHWRVWRPDWDOKHWHURJHQHLW\ LQUHVSRQVH WRPRLVWXUHVWUHVV UHVXOWLQJ LQ
ILQHVFDOHYDULDWLRQVLQ(:7ZLWKLQWKHEHDPIRRWSULQW 

7KH UHVXOWV VXJJHVW SRWHQWLDO IRU XVH RI WKH 6$/&$ LQVWUXPHQW WR XSVFDOH SK\VLRORJLFDO
PHDVXUHPHQWV WR FDQRS\ VFDOHV DOORZLQJ LPSURYHG YDOLGDWLRQ RI DLUERUQH DQG VDWHOOLWH
PHDVXUHPHQWV WRPHDVXUH VSDWLDO KHWHURJHQHLW\ LQ FDQRS\PRLVWXUH VWUHVV DQG WR SURYLGH DQ
LQGLFDWLRQ RI WKHSRWHQWLDO RI IXWXUH DLUERUQH GXDO RUPXOWLSOHZDYHOHQJWK/L'$5 VHQVRUV IRU
PHDVXUHPHQWRI OHDIELRFKHPLFDOSDUDPHWHUV5HVHDUFK LVRQJRLQJ WRGHWHUPLQH WKHDELOLW\RI
WKH6$/&$LQVWUXPHQWWRHVWLPDWHWUHHKHDOWKDWFDQRS\VFDOHV


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)LQGLQJVQRZLQWKHPRXQWDLQV8VLQJ/L'$5WRTXDQWLI\VQRZYROXPH
LQKHWHURJHQHRXVODQGVFDSHV
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+DQV3HWHU0DUVKDOO
)RUHVW5DQJHODQGDQG)LUHV6FLHQFHV8QLYHUVLW\RI,GDKR
WLQN#YDQGDOVXGLDKRHGXDOLVWDLU#XGLDKRHGXWOLQN#XGLDKRHGX
6FKRRORI)RUHVW5HVRXUFHVDQG(QYLURQPHQWDO6FLHQFH0LFKLJDQ7HFKQRORJLFDO
8QLYHUVLW\PMIDONRZ#PWXHGX
'HSDUWPHQWRI*HRVFLHQFHV%RLVH6WDWH8QLYHUVLW\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$EVWUDFW

7KHUHLVLQFUHDVLQJQHHGWRTXDQWLI\VQRZDQGLWVXQFHUWDLQWLHVLQFRPSOH[WHUUDLQXVLQJUHPRWH
VHQVLQJ HVSHFLDOO\ LQ ZDWHUOLPLWHG UHJLRQV VHQVLWLYH WR FOLPDWH FKDQJH +HUH ZH GHYHORS D
QRYHOPHWKRGWRH[DPLQHWKHDFFXUDF\RIVQRZYROXPHHVWLPDWHVDFURVVVHYHQODQGFRYHUW\SHV
LQ D VHPLDULG PRXQWDLQRXV FDWFKPHQW E\ FRXSOLQJ LQWHQVLYH WRSRORJLF VXUYH\LQJ PDFKLQH
OHDUQLQJPXOWLWHPSRUDO/L'$5DQGFRLQFLGHQWPDQXDOVQRZREVHUYDWLRQV5HVXOWVVKRZWKDW
/L'$5 FDQ EH XVHG WR DFFXUDWHO\ TXDQWLI\ WKH GLVWULEXWLRQ RI VQRZ GHSWK DFURVV FRYHU W\SHV
UDQJLQJIURPEDUHJURXQGWRPDWXUHIRUHVWV6QRZGULIWVZKLFKDUHLPSRUWDQWIRUPDLQWDLQLQJ
VSULQJ DQG VXPPHU VWUHDPIORZ DQG HVWDEOLVKLQJ DQG VXVWDLQLQJ ZDWHUOLPLWHG SODQW VSHFLHV
FRQWDLQHG    RI WKH VQRZ YROXPH ZKLOH RQO\ RFFXS\LQJ  RI WKH FDWFKPHQW DUHD
4XDQWLILDEOHDFFXUDFLHVRIFDWFKPHQWVFDOHVQRZYROXPHHVWLPDWHVQRWRQO\LOOXVWUDWHWKHXWLOLW\
RIPXOWLWHPSRUDO/L'$5 IRU VQRZVWXGLHVEXWZLOODOVR UHGXFHXQFHUWDLQW\ LQ VHDVRQDOZDWHU
DYDLODELOLW\HVWLPDWHV
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Modelling the internal canopy radiation regime using terrestrial laser 
scanning data 
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Abstract 
WREHFRQVLGHUHGDVSDUWRIWKH'U$ODQ6WUDKOHUWHUUHVWULDOODVHUVFDQQLQJFRPPXQLW\

0RGHOOLQJ WKH LQWHUQDO FDQRS\ UDGLDWLRQ UHJLPH KDV SURYLGHG VLJQLILFDQW LQVLJKW LQWR WKH
SURGXFWLYLW\ DQG IXQFWLRQLQJRI IRUHVW HFRV\VWHPV9HUWLFDOSURILOHVRISKRWRFKHPLFDOO\ DFWLYH
UDGLDWLRQ DIIHFW WKH DOORFDWLRQ RI QXWULHQWV DQG HIILFLHQF\ RI SKRWRV\QWKHVLV 7KH YHUWLFDO
GLVWULEXWLRQRISKRWRFKHPLFDOO\ DFWLYH UDGLDWLRQ LV SULPDULO\ DIIHFWHGE\FDQRS\ VWUXFWXUH WKDW
HQFRPSDVVHV WKH GLVWULEXWLRQ RI IROLDJH HOHPHQWV VWRFNLQJ GHQVLW\ DQG FURZQ JHRPHWULHV
5DGLDWLYH WUDQVIHU PRGHOV PD\ EH XVHG WR LQYHVWLJDWH KRZ FDQRS\ VWUXFWXUH LQIOXHQFHV WKH
GLVWULEXWLRQRI3$5ZLWK FDQRS\GHSWK7KURXJK LQWHJUDWLRQZLWKSK\VLRORJLFDOPRGHOV WKHVH
UDGLDWLYH WUDQVIHU PRGHOV IDFLOLWDWH VWXGLHV LQWR WKH HIIHFWV RI FDQRS\ VWUXFWXUH RQ SULPDU\
SURGXFWLYLW\DQGUHVLOLHQFHDJDLQVWGLVWXUEDQFHVXFKDVGURXJKWHYHQWVIRUH[DPSOH
 ,Q UHPRWH VHQVLQJ UDGLDWLRQ WUDQVIHUKDVSULPDULO\ EHHQPRGHOOHGRYHUEURDG VFDOHV
UHVXOWLQJ LQ VSDWLDO DQG WHPSRUDO DYHUDJHV RI FDQRS\ UDGLDWLRQ )XVLQJ RI VSDWLDOO\ DQG
WHPSRUDOO\ DYHUDJHG FDQRS\ UDGLDWLRQ ZLWK SK\VLRORJLFDO PRGHOV PD\ OHDG WR XQFHUWDLQW\
KRZHYHUDVDOHDYH¶VDELOLW\WRDGDSWWRLQVWDQWDQHRXVLUUDGLDWLRQFRQGLWLRQVLVGLIIHUHQWIURPLWV
DELOLW\ WR DGDSW WR SUHYDOHQW LUUDGLDWLRQ0RGHOOLQJ DW VSDWLDOO\ DQG WHPSRUDOO\ ILQHU VFDOHV LV
FKDOOHQJLQJGXHWRWKHFRVWDQGODERXUQHHGHGWRDFTXLUHFDQRS\VWUXFWXUDOLQIRUPDWLRQDVZHOO
DVSURFHVVLQJQHHGHGWRREWDLQFDQRS\UDGLDWLRQIURPGDWDDERXWFDQRS\VWUXFWXUH
 7KLV SRVWHU SUHVHQWV RQ UHVXOWV REWDLQHG IURP DQ DXWRPDWHG SLSHOLQH IRU JHRPHWULF
H[SOLFLWPRGHOOLQJRI FDQRS\ VWUXFWXUH IURPSRLQW FORXG LQIRUPDWLRQ7KHJHRPHWULFPRGHO LV
XVHGWRVLPXODWHWKHIUDFWLRQRIDEVRUEHGSKRWRFKHPLFDOO\DFWLYHUDGLDWLRQDWDUELWUDU\ORFDWLRQV
ZLWKLQ WKH FDQRS\ 5HVXOWV VKRZ FRQVLVWHQW EHKDYLRXU EHWZHHQ VLPXODWHG YHUWLFDO SURILOHV RI
I3$5DQGFDQRS\JDSSUREDELOLWLHVGHULYHGIURPIXOOZDYHIRUPGDWD7KHXVHRIWKHVHPRGHOV
IRUFRXSOLQJVKRRWOHYHOSK\VLRORJ\WRFKDQJHVLQLQVWDQWDQHRXVLUUDGLDWLRQLVGLVFXVVHG

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Abstract  
 
When the vegetation was illuminated by laser in daytime, the sensor usually received two types 
of light intensity in the spectrum range: sun and laser itself. In this situation, the conventional 
bidirectional intensity distribution would vary with two incidences light. Theoretically, this 
would supply more canopy information if the reflection principle was carefully clarified. So, in 
this paper, Solar-Laser Double Source Canopy Model (DSCM) were constructed and analysed. 
Firstly, the Li-Strahler Geometric Optical (GO) model was modified by adding another input 
light source to simulate the intensity distribution. Then, the Radiative Transfer (RT) model was 
incorporated to express the canopy reflectance change with different incidence angle. So, the 
GO-RT mixed model was constructed with two incidents light. Based on the model, the 
reflectance phenomenon was simulated refer to the forest in the monochromatic light. It 
revealed that, by adding another incident light (laser), two “hotspot” was constructed and that 
was influenced by both incident light intensity and incident angle, also it was affected by the 
forest canopy structure. After the simulation, the experiment was carried out for the ideal forest 
condition constructed with plastic ball illuminated by sun and laser (808nm) in daytime. Then in 
night, the experiment was repeated. With the variation of light source and “forest” destiny, 
bidirectional reflectance distribution function (BRDF) of sun, laser and double source were 
observed respectively. And the experiment results were basically accordance to the DSCM 
simulation, especially for the hotspot phenomenon. So, it was convinced that DSCM could be 
applied for the vegetation biophysical and biochemical parameters retrieval study with 
multi-spectral laser became mature. 
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Abstract 
 
Within the AutoProbaDTM project (sites.google.com/site/autoprobadtm/), we plan to develop fast 
and fully automated techniques to derive topographic maps and error maps, from full-waveform 
airborne LiDAR data. A probabilistic approach is used in order to modelling surfaces and data 
acquisition, solving inverse problems and handling uncertainty. Bayesian inference provides a 
rigorous framework for unsupervised reconstruction of the DEM and error propagation from the 
data to the end result, treating all quantities as random variables. Automatic sensor calibration 
plays a major role in this project. In fact, the overall positional accuracy and uncertainty 
obtained from the LiDAR technology depends on the assembly and calibration of the three 
system components: the GPS (Global Positioning System), the IMU (Inertial Measurement 
Unity) and the laser-scanner device. In this poster we propose a novel method based on the 
Bayesian inference to address this problem as well. Because this method does not use planar 
surfaces it is well suitable for forest areas with poor geometric planar features such as building 
roofs. The first contribution is to use not only the 3D points extracted from the raw waveforms 
but their uncertainty as well, and to apply a probabilistic surface matching with spatially 
variable point accuracy in order to obtain the attitude corrections. The second contribution 
consists of using all the flight lines, where most methods only use the calibration cross. In this 
way we can also estimate the attitude drift of the sensor platform and correct the LiDAR data 
for temporal attitude variations.  
Figure 1: Hi-frequency IMU errors Figure 2: Low-frequency IMU errors 
Figure 1 shows the corduroy effect (high-frequency IMU errors), visible as stripes on slopes 
parallel to flight lines, for 3 overlapping strips with different scan angles. Figure 2 shows the 
low-frequency IMU errors (due to temporal correlation) after (a) and before (b) correction by 
optimal shifting on a small area.  
Finally, we use the probabilistic framework for error propagation and we propose a probability 
distribution of the estimated boresight angles.  
a) 
b) 
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Operational Forest Management using  
LiDAR derived Tactical Net Harvest Area in NSW Native Forests. 
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Abstract 
7UDGLWLRQDO VWUDWHJLF V\VWHPDWLF UDQGRP VDPSOLQJ HVWLPDWHV RI SURGXFW YROXPH KDYH SURYHQ
DFFXUDWH DW WKH HVWDWH OHYHO KRZHYHU SURYLGH OLWWOH XVHDEOH YROXPH RU SURGXFW LQIRUPDWLRQ DW
IRUHVW RU FRPSDUWPHQW OHYHO D UHTXLVLWH IRU YDOLG WDFWLFDO DQG RSHUDWLRQDO SODQQLQJ  ,Q PLG
 )16: QDWLYH IRUHVW UHJLRQV ZHUH KDQGHG D PDQDJHPHQW FKDOOHQJH WR SURGXFH D IXOO\
JURXQG YHULILHG IRUHVW KDUYHVWLQJ VFKHGXOH ZLWK UHGXFHG VWDII QXPEHUV DQG GLPLQLVKLQJ
SUHIHUUHG VSHFLHV DFURVV D UHVRXUFH OLPLWHG HVWDWH  )16:KDV VLJQLILFDQW DUHDV RI WKHQDWLYH
IRUHVW HVWDWH RQ WKH QRUWK FRDVW FDSWXUHG ZLWK /L'$5 DQG KDG GHYHORSHG HQRXJK VNLOO DQG
FRQILGHQFHLQ/L'$5XVHWRORRNWRWKLVWHFKQRORJ\DVDVLJQLILFDQWFRQWULEXWRULQPHHWLQJWKLV
FKDOOHQJH
7UDGLWLRQDOYHJHWDWLRQLQIRUPDWLRQVXFKDVIRUHVWW\SLQJKDVEHHQGHULYHGIURP$3,RYHUPDQ\
\HDUVE\PDQ\RSHUDWRUVRIYDU\LQJH[SHULHQFH DQG VNLOO OHYHOV  5HVROXWLRQDQGDFFXUDF\RI
IRUHVWW\SLQJYDU\VLJQLILFDQWO\ZKLOHIRUHVWGLVWXUEDQFHDQGKDUYHVWLQJIXUWKHUFRPSURPLVHGDWD
DFFXUDF\  /L'$5GHULYHGFDQRS\KHLJKWPRGHOLQYHVWLJDWLRQOHGWRDVWUXFWXUDOVWUDWLILFDWLRQRI
WKHQDWLYHIRUHVW  7KURXJKLQWHJUDWLRQRIPHDQ&+0DQGDFRXQWRIµWDOO¶SL[HOVZLWKLQDJLYHQ
IRFDOZLQGRZ WKH QDWLYH IRUHVWKDV EHHQFODVVLILHG LQWR VWUXFWXUDOO\ GLVFUHWH VWUDWD  :KLOVW
VWUXFWXUH LV QRW HQWLUHO\ UHODWHG WR SURGXFW YROXPH LWV FRUUHODWLRQ GRHV SURYLGH VLJQLILFDQW
RSSRUWXQLW\WRUHILQHDQGLPSURYHSURGXFWYROXPHHVWLPDWHVDWVPDOOVFDOHVZKLFKFDQWKHQEH
VDPSOHGRQJURXQGE\H[SHULHQFHGVWDII  
([LVWLQJ UHJXODWLRQ DURXQG VWUHDPQHWZRUNV UHTXLUH)16: WRPDQDJH VWUHDPV DVPDSSHGRQ
WRSRJUDSKLFPDSVGHULYHGIURP$3,DQ\ZKHUHXSWR\HDUVSUHYLRXVGLIIHUHQWO\WR
WKRVH ZKLFK DUH XQPDSSHG  )16: LQYHVWLJDWHG FRUUHODWLRQV EHWZHHQ PDSSHG VWUHDPV DQG
WKRVHGHULYHGWKURXJKXVHRI/L'$5GDWDDQGE\DQDO\VLQJVWUHDPOHQJWKE\UHJXODWRU\FODVVDQ
DSSUR[LPDWLRQXVLQJFDWFKPHQWDUHDZDVGHULYHG  7KHVHµFRQWULEXWLQJ¶VWUHDPVZHUHEXIIHUHG
DV D JULG XVLQJ FRUUHVSRQGLQJ UHJXODWRU\ FRQVWUDLQWV DQG LQWHJUDWHG ZLWK H[LVWLQJ PDSSHG
UHVHUYHVVXFKDVROGJURZWKRURZOKDELWDW
*URXQGEDVHG KDUYHVWLQJ RSHUDWLRQV DUH OLPLWHG XQGHU UHJXODWLRQV WR RSHUDWLQJ RQ VORSHV
GHJUHHV ZKLOH LQ SUDFWLFH YHU\ OLWWOH YROXPH LV UHDOLVHG RII VORSHV ! GHJUHHV  5HJXODWLRQ
DURXQG VORSH UHODWHV WR LQILHOG LGHQWLILFDWLRQ OHDGLQJ WR D UHDOLVWLF LQWHUSUHWDWLRQ RI /L'$5
GHULYHGVORSHWRDFFXUDWHO\UHIOHFWKRZVORSHLVPDQDJHGGXULQJDIRUHVWRSHUDWLRQ
6ORSH VWUDWD DQG UHVHUYH GDWDVHWV ZHUH FRQYHUWHG WR P JULG FHOO FRPELQHG ZLWKLQ $UF*,6
SURYLGLQJD VLQJOH UDVWHURXWSXWZLWKFODVVHV  VWUDWD  VORSHDQG UHVHUYHZKLFKKDV
EHFRPH NQRZQ DV WKH µ7DFWLFDO 1HW +DUYHVW $UHD¶ 1+$  7KLV 7DFWLFDO 1+$ SURYLGHV DQ
H[WUHPHO\SRZHUIXOSODQQLQJWRROIRUIRUHVWPDQDJHPHQWZKLFKZKLOHQRWFRQIRUPLQJSUHFLVHO\
ZLWK UHJXODWLRQV )16: FODLP VLJQLILFDQWO\ EHWWHU UHSUHVHQWV WKH DUHD DYDLODEOH IRU KDUYHVW
DFFHVVDWVXEFRPSDUWPHQWVFDOHRYHUH[LVWLQJVSDWLDOGDWD 
8VLQJ/L'$5GHULYHGSURGXFWV)16:PHWDVLJQLILFDQWPDQDJHPHQWFKDOOHQJHLQSUHSDUDWLRQ
RIDIXOO\JURXQGYHULILHGRSHUDWLRQDOSODQ  +LJKO\VSDWLDOO\DFFXUDWH/L'$5YHJHWDWLRQGDWD
SURYLGHVDOHYHORIUHVRXUFHLQIRUPDWLRQSUHYLRXVO\XQDYDLODEOHZKLOH/L'$5GHULYHGVWUHDPV
KDYHQRZSURPSWHGLQWHUDJHQF\UHJXODWRU\UHYLHZOLNHO\WRUHVXOWLQDPRUHFRVWHIIHFWLYHDQG
HQYLURQPHQWDOO\IRFXVHGUHJXODWRU\HQYLURQPHQW
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The detection and characterization of broad-leaved forest canopy gaps: 
a regeneration perspective 
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Abstract 

&DQRS\ JDSV DUH DUHDV RI KLJK UHJHQHUDWLRQ SRWHQWLDO DQG LQ XQHYHQDJHG IRUHVW JDSV DUH
WKHUHIRUH SODFHV RI SDUWLFXODU FDUH IRU WKH IRUHVW PDQDJHU 1HYHUWKHOHVV WKH FDUWRJUDSK\ DQG
FKDUDFWHUL]DWLRQ RI FDQRS\ JDSV DUH FRPSOH[ LVVXHV 7KLV SDSHU DGGUHVVHV WKH IXQGDPHQWDO
TXHVWLRQ RI WKH FDQRS\ JDS GHILQLWLRQ ZKDW LV WKH PLQLPDO DUHD WKH PD[LPDO KHLJKW RI
YHJHWDWLRQ W\SHRI UHJHQHUDWLRQ HWF")URPD UHJHQHUDWLRQSRLQWRIYLHZ FDQRS\JDSV FDQEH
GHILQHGDVKROHV LQ WKHIRUHVWFRYHUZKHUH OLJKWFRQGLWLRQVDUH VXLWDEOH IRU UHFUXLWPHQW$VDQ
DFWLYHVHQVRU/L'$5KDVPDGH LWSRVVLEOH WR WDFNOHWKHSUREOHPVRIVKDGRZVDQGSHQHWUDWLRQ
LQWR WKH FDQRS\ W\SLFDO RI DHULDO LPDJHV 7KLV VWXG\ LQYHVWLJDWHV WKH FDUWRJUDSK\ DQG
FKDUDFWHUL]DWLRQRIIRUHVWFDQRS\JDSVDVDUHDVRIQDWXUDOUHJHQHUDWLRQ
5HPRWH VHQVLQJ GDWD DUH FRPSRVHG RI OHDIRII DQG OHDIRQ /L'$5 KLJK GHQVLW\ GDWDVHWV 
SRLQWVSHUPðZLWKLQWHQVLW\LQIRUPDWLRQDQGDSRLQWFODVVLILFDWLRQ9HU\KLJKUHVROXWLRQFP
PXOWLVSHFWUDO UJE DQG LU DHULDO LPDJHV ZHUH DOVR FDSWXUHG IRU WKH VXPPHU GDWDVHW 7KH
PHWKRGRORJ\IROORZVDQXPEHURIVWHSVWKHGHWHFWLRQRIWKHFDQRS\JDSWKHFRUUHFWLRQRIWKLV
ILUVW FDUWRJUDSK\ DQG WKH UHVXOWDQW FKDUDFWHUL]DWLRQ 5HVXOWV DUH FRPSDUHG EHWZHHQ OHDIRII
ZLQWHUDQGOHDIRQVXPPHUFRQGLWLRQV
7KHGHWHFWLRQRIJDSVLVEDVHGQRWRQO\RQKHLJKWFULWHULDEXWDOVRRQ³FDQRS\SRURVLW\´PHWULFV
HJWKHSHQHWUDWLRQUDWHRISXOVHVWRWKHJURXQG7KUHVKROGLQJDQG2%,$DSSURDFKHVDUHWKHQ
XVHG IURP WKHVH KHLJKW DQG SRURVLW\PHWULFV )ROORZLQJ WKLV ILUVW FDUWRJUDSK\ D ILOWHULQJ DQG
FOHDQLQJOLPLWVVWHSEDVHGRQVHYHUDOFULWHULDLQFOXGLQJGLPHQVLRQDQGVKDSHZDVFUXFLDO7KH
FDQRS\JDSGHVFULSWLRQFRPSULVHVWZRSDUWVILUVWWKHJDSLVGHVFULEHGZLWKGLPHQVLRQVVKDSH
DQGYHJHWDWLRQFRYHU LQIRUPDWLRQ6HFRQGO\ WKHVWUXFWXUHDQGVWUDWLILFDWLRQRI WKH JDSDQG WKH
VXUURXQGLQJ IRUHVW LV FKDUDFWHUL]HG ZLWKLQ DQ H[WHQGHG DUHD GHOLQHDWHG DURXQG WKH JDS 7KLV
³H[WHQGHG´IRUHVWFDQRS\JDSFDQDOVREHGHVFULEHGZLWKDQFLOODU\GDWDH[WUDFWHGIURP/L'$5
LPDJHRUYHFWRUGDWDEDVHLQFOXGLQJDOWLWXGHVORSHDVSHFWVRLOHWF 
,QFRQFOXVLRQWKHGHYHORSPHQWRID³UHJHQHUDWLRQSRWHQWLDOLQGH[´EDVHGRQWKHGHOLQHDWLRQDQG
FKDUDFWHUL]DWLRQ RI WKH FDQRS\ JDSV ZRXOG EH H[WUHPHO\ XVHIXO IURP D IRUHVW SODQQLQJ
SHUVSHFWLYH0DSSLQJJDSVZRXOGDOVRHQDEOHDQDO\VLVDWD ODQGVFDSH OHYHOZLWK UHJDUG WR WKH
VWDQG VFDOH VXFFHVVIXO UHJHQHUDWLRQ ELRGLYHUVLW\ DQG ZLOGOLIH PDQDJHPHQW )XUWKHUPRUH WKH
H[SORLWDWLRQRIKHPLVSKHULFDOSKRWRJUDSKVZRXOGEHDQLQWHUHVWLQJFRPSOHPHQWDU\LVVXHWROLQN
UHJHQHUDWLRQDQGOLJKWQHHGV  

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Abstract  
Forest biomass quantity and its changes are difficult and time-consuming to measure accurately. 
Accurate biomass mapping has numerous applications in cases of forest-bound carbon, 
bioenergy, -fuel and forest hazard monitoring. A major proportion of the total forest carbon 
storage consists of the growing stock’s carbon reserves. Determination of individual tree-level 
(ITL) biomass requires accurate measurements of tree trunk, branches and needles. Accurate 
field measurements can be done only in a destructive manner and therefore non-destructive and 
more cost-efficient methods are needed. Fixed-position (mounted on a tripod) terrestrial laser 
scanners offer a great potential for three-dimensional (3D) mapping of smaller areas with high 
detail. Terrestrial laser scanning (TLS) is an efficient and objective option for acquiring accurate 
field data. TLS measurements provide dense point clouds in which features describing biomass 
can be extracted from trunk and canopy dimensions. In Finland biomass models have been 
developed but the models do not fully utilize canopy size information. Models are mostly based 
on easily measurable parameters on field such as tree species, diameter-at-breast-height (DBH), 
height and crown length. We hypothesized that TLS measurements would increase the 
estimation accuracy of ITL crown biomass. The main objective of this study was to estimate 
ITL crown biomass, based on models developed using TLS data, for Scots pine and Norway 
spruce. Describing features were extracted from individual tree point clouds and used in 
biomass model development. The modelling dataset included 64 laboratory-measured trees. 
Models were developed for living branch and dead branch biomass and the results were 
compared with existing biomass models. 
 
The results showed that crown biomass estimation accuracies were improved, compared with 
those of existing models. Root mean square errors (RMSEs) for living branch biomass were 
23.36% for pine and 38.13% for spruce using models developed from TLS. Relative RMSE for 
dead branches was higher because the amount of dead branches is low and good describing 
features are difficult to find. Development of robust TLS-based biomass models is challenging, 
because it would require large treewise laboratory-measured reference datasets and the laser 
features used as explanatory variables should be nondependent on the scanning parameters. We 
suggest the use of automatically extracted crown size measurements from TLS as a basis for 
allometric crown biomass models. In the current state, operational TLS measurements are not 
fully applicable under various forest conditions but if TLS processing becomes more automatic 
and reference data could be collected even with the use of mobile platforms, it could also 
provide savings in reduced fieldwork. However, feasible measuring of crown and stem 
characteristics, that are laborious to measure by traditional means accurately, is the strength of 
TLS. 
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Diagnosing structure and composition typologies in uneven-aged 
broad-leaved forests: a comparison of classification methods  
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Abstract 

6WUXFWXUH DQG FRPSRVLWLRQ RI IRUHVW VWDQGV DUH FUXFLDO IDFWRUV IRU IRUHVW SODQQLQJ DQG
ELRGLYHUVLW\PDQDJHPHQW,Q%HOJLXPW\SRORJLHVRIVWUXFWXUHDQGFRPSRVLWLRQH[LVWWRVXSSRUW
SODQQLQJ LQ XQHYHQDJHG EURDGOHDYHG IRUHVWV W\SLFDOO\ GRPLQDWHG E\ RDN DQG EHHFK 7KH
SULQFLSOHRIWKHVHW\SRORJLHVLVWRFODVVLI\LUUHJXODUVWDQGVZLWKWKHSHUFHQWDJHRIVPDOOPHGLXP
ODUJHDQGYHU\ODUJHWUHHVUHJDUGLQJGEKDQGWKHSHUFHQWDJHRIEDVDODUHDRIRDNDQGEHHFK 
7KLVSDSHULQYHVWLJDWHVWKHSRWHQWLDORI/L'$5GDWDSURFHVVHGZLWKFODVVLILFDWLRQPHWKRGVNQQ
.0HDQV &$57 HWF WR DOORFDWH D IRUHVW VWUXFWXUH DQG FRPSRVLWLRQ W\SH )RU WKLV SXUSRVH
VHYHUDOVXSHUYLVHGDQGXQVXSHUYLVHGFODVVLILFDWLRQPHWKRGVDUHFRPSDUHGDVZHOODVWKHLPSDFW
RIOHDIRQVXPPHUDQGOHDIRIIZLQWHUGDWDWRGLVFULPLQDWHWKHIRUHVWW\SHV
7KHVWXG\GDWDVHWLVFRPSRVHGRIDOHDIRIIDQGDOHDIRQ/L'$5KLJKGHQVLW\GDWDSRLQWV
SHUPð7KHVHGDWDVHWVDUHFKDUDFWHUL]HGE\LQWHQVLW\DVZHOODVDSRLQWFODVVLILFDWLRQJURXQG
KLJKYHJHWDWLRQZDWHUHWF0RUHRYHUYHU\KLJKUHVROXWLRQFPPXOWLVSHFWUDOUJEDQGLU
DHULDOLPDJHVZHUHDOVRFDSWXUHGIRUWKHVXPPHUGDWDVHW.  
(DFKILHOGUHIHUHQFHSORWLVFKDUDFWHUL]HGE\VHYHUDO³/L'$5YDULDEOHV´FDOFXODWHGIURPPHWULFV
7KHVHPHWULFVDUHGHULYHGIURPWKHSRLQWFORXGLQUDVWHUIRUPDW6SHFWUDOLQIRUPDWLRQIURPDHULDO
LPDJHVLVDOVRLQWHJUDWHGWRFRPSOHPHQW/L'$5SDUWLFXODUO\IRUVSHFLHVGLVFULPLQDWLRQ  
5HIHUHQFHGDWDZHUHREWDLQHGIURPILHOGLQYHQWRU\WKURXJKYLVXDOHYDOXDWLRQRIWUHHJLUWKEDVHG
RQ D V\VWHPDWLF VDPSOLQJ WKLV W\SH RI LQYHQWRU\ LV D YHU\ XVHIXO WRRO IRU WKH GHVFULSWLRQ RI
PL[HGEURDGOHDYHGXQHYHQDJHGVWDQGV$QHWZRUNRIDERXWSORWVZDVYLVLWHGLQ)HEUXDU\
 

6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 1 
Using digital terrain models derived from airborne laser scanner data 
for detection of cultural remains 

2OH0DUWLQ%ROODQGVnV2OH5LVE¡O7HUMH*REDNNHQ(ULN1 VVHW	$QQHOL
1HVEDNNHQ

Norwegian University of Life Sciences, Department of Ecology and Natural Resource 
Management, P.O. Box 5003, NO-1432 Ås, NorwayROHER#XPEQR 
Norwegian Institute for Cultural Heritage Research P.O. Box 736 Sentrum, N-0105 
Oslo, NorwayROHULVERO#QLNXQR

3DSHU1XPEHU  6/

Abstract 

,Q1RUZD\DOOFXOWXUDOUHPDLQVSUHGDWLQJDUHSURWHFWHGE\WKH&XOWXUDO+HULWDJH$FW0DQ\
RIWKHVHFXOWXUDOUHPDLQVDUHIRXQGLQIRUHVWHGDUHDVDQGIRUHVWRZQHUVDUHREOLJHGWRPDNHVXUH
WKDWWKH\DUHQRWKDUPHGGXULQJPHFKDQL]HGIRUHVWRSHUDWLRQV7KXVLQRUGHUWRFRPSO\ZLWKWKH
ODZ IRUHVW RZQHUV QHHG WR KDYH DFFXUDWH LQIRUPDWLRQ RQ WKH ORFDWLRQV RI WKH GLIIHUHQW
ODZSURWHFWHG REMHFWV 7UDGLWLRQDOO\ FXOWXUDO UHPDLQV KDYH EHHQ UHJLVWHUHG E\PHDQV RI ILHOG
LQYHQWRULHVZKLFKDUHH[SHQVLYH WRFDUU\RXW)RU WKDW UHDVRQDUHDVKDYH WREHSULRULWL]HGDQG
IRFXVKDVEHHQRQVXUYH\LQJDUHDVRXWVLGHIRUHVWV6WXGLHVKDYHLQGLFDWHG WKDWRQO\DERXW 
RI DOO FXOWXUDO UHPDLQV LQ IRUHVWHG DUHDV DUH NQRZQ+RZHYHU UHFHQW WULDOVZLWKPDQXDO
LQWHUSUHWDWLRQRQGLJLWDOWHUUDLQPRGHOV'70VGHULYHGIURPDLUERUQHODVHUVFDQQHU$/6GDWD
KDYH VKRZQ SURPLVLQJ UHVXOWV RQ GHWHFWLRQ RI FXOWXUDO UHPDLQV0DQPDGH DQRPDOLHV ZLOO LQ
PRVWFDVHVVWDQGRXWFRPSDUHGWRQDWXUDOIHDWXUHVEHFDXVHWKH\WHQGWREHVRPHZKDWUHJXODULQ
VKDSHRUWKDWVHYHUDODQRPDOLHVIRUPVRPHNLQGRIUHFRJQL]DEOHSDWWHUQ7KHUHVXOWVREWDLQHGVR
IDU LQGLFDWH WKDW WKH$/6GDWDFROOHFWHG IRU UHJXODU IRUHVW LQYHQWRU\ DOVR FDQEH H[SORLWHG IRU
JHRORFDWLRQDQGFODVVLILFDWLRQRIFXOWXUDOUHPDLQV7KHGHWHFWLRQVXFFHVVKRZHYHUYDULHVZLWK
VHYHUDOIDFWRUV7KHTXDOLW\RUUHVROXWLRQRIWKH'70LVGHSHQGHQWRQWKHSRLQWGHQVLW\RIWKH
$/6GDWDDQGUHFHQWVWXGLHVKDYHVKRZQWKDWGHWHFWLRQVXFFHVVLVVLJQLILFDQWO\DIIHFWHGE\SRLQW
GHQVLW\7KH SURSHUWLHV RI WKH FXOWXUDO UHPDLQ LQ WHUPV RI VL]H DQG VKDSH LV SUREDEO\ DQRWKHU
IDFWRUEXWQRVWXGLHVKDYHDGGUHVVHGWKLVTXHVWLRQ\HW7KXVWKHREMHFWLYHRIWKHFXUUHQWVWXG\
ZDV WR DQDO\]H LI WKHUH ZHUH GLIIHUHQFHV LQ GHWHFWLRQ VXFFHVV EHWZHHQ FXOWXUDO UHPDLQV RI
YDU\LQJVL]HVDQGVKDSHV'HWHFWLRQVXFFHVVZDVPHDVXUHGE\WKHRPLVVLRQHUURU7KHVWXG\WRRN
DGYDQWDJH RI GDWD REWDLQHG IURP DQ H[SHULPHQW ZKHUH IRXU H[SHULHQFHG DUFKDHRORJLVWV
LQWHUSUHWHG'70VHDFKFRYHULQJDQDUHDRI[PHWHU7KH'70VRULJLQDWHGIURP
QLQHGLIIHUHQWEORFNVRI ODQG MXVWQRUWKRI2VOR1RUZD\7KXV IRU HDFKEORFNQLQHGLIIHUHQW
'70VZHUHGHULYHGIURP$/6GDWDZLWKGLIIHUHQWSURSHUWLHVLQWHUPVRISRLQWGHQVLW\DQG
SPDQG'70VPRRWKLQJWKUHHOHYHOV7KHDUFKDHRORJLVWVLQWHUSUHWHGWKH'70VLQDQ
LQGLYLGXDOO\UDQGRPL]HGRUGHUDFFRUGLQJWRDFRPSOHWHUDQGRPL]HGEORFNGHVLJQ$QDQDO\VLVRI
YDULDQFH$129$VKRZHGWKDWWKHUHZHUHVLJQLILFDQWGLIIHUHQFHVEHWZHHQWKHRPLVVLRQHUURUV
RIGLIIHUHQWFODVVHVRIVL]HDQGVKDSH7KHUHZDVDGHFUHDVLQJWUHQGRIWKHRPLVVLRQHUURUZLWK
LQFUHDVLQJ VL]H 7KH UHVXOWV DOVR VKRZHG WKDW FLUFXODU DQG RYDO VKDSHG UHPDLQV ZHUH OHVV
IUHTXHQWO\RPLWWHGFRPSDUHGWRRWKHUVKDSHV 

6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 1 
A case study using field surveys and LiDAR to quantify aboveground 
carbon, bird diversity, and tree species richness to prioritize 
conservation based on multiple ecosystem services 

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
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
Abstract 

4XDQWLI\LQJDQGYDOXLQJHFRV\VWHPVHUYLFHVDWPXOWLSOHVSDWLDOVFDOHVLVFHQWUDOWRXQGHUVWDQGLQJ
DQG PDQDJLQJ WKH VXVWDLQDELOLW\ RI JOREDO QDWXUDO UHVRXUFHV  7KH PDMRULW\ RI DWWHPSWV WR
TXDQWLI\DQGYDOXHHFRV\VWHPVHUYLFHVKDYHIRFXVHGRQDVLQJOHVHUYLFHXVHGSUR[\PHDVXUHVRI
VHUYLFHV YHUVXV SULPDU\ GDWD DQGRU IDLOHG WR DGHTXDWHO\ LQWHJUDWH HFRORJLFDO DQG HFRQRPLF
FRPSRQHQWV LQWR WKHUHVHDUFKDJHQGD  :HLQWHJUDWHGGHWDLOHGILHOGREVHUYDWLRQVZLWK/L'$5
UHPRWHVHQVLQJDQGVWDWLVWLFDOPRGHOLQJWHFKQLTXHVWRTXDQWLI\YDULDWLRQLQDERYHJURXQGFDUERQ
ELUG VSHFLHV ULFKQHVV DQG WUHH VSHFLHV LQ D QRUWK ,GDKR PL[HG FRQLIHU IRUHVWHG ODQGVFDSH RI
a KD $GGLWLRQDOO\ DOO WKUHH HFRV\VWHP VHUYLFHV ZHUH FRPELQHG WR LGHQWLI\ HFRV\VWHP
VHUYLFH³KRWVSRWV´+HUHZHH[DPLQHWKHHIIHFWRIVSDWLDOVFDOHRQWKHDELOLW\WRTXDQWLI\WKHVH
HFRV\VWHPDWWULEXWHVDQGSUHVHQWDFDVHVWXG\WKDWPLJKWEHXVHGWRSULRULWL]HODQGFRQVHUYDWLRQ
GHFLVLRQV 6FDOHV RI DQDO\VHV UDQJHG IURP JUDLQ VL]HV RI P WR P 9DOXHV RI FDUERQ
0JKD ELUG VSHFLHV ULFKQHVV QXPEHURI VSHFLHV VWDQGDUGL]HGSHUKD DQG WUHH VSHFLHV
YDULHW\ GLIIHUHQW VSHFLHVSHUKDZHUH HDFKJLYHQD VWDQGDUGL]HG LQGH[YDOXHEHWZHHQ
PLQLPXP VFDOHG YDOXH DQG  PD[LPXP VFDOHG YDOXH 7R TXDQWLI\ PXOWLSOH HFRV\VWHP
VHUYLFHVKRWVSRWVZHVXPPHGWKHLQGH[YDOXHRIWKHWKUHHLQGLYLGXDOHFRV\VWHPVHUYLFHVZKLFK
UHVXOWHGLQDQLQGH[YDOXHUDQJHRIORZWRKLJK)RUHVWVFRQWDLQLQJDERYHJURXQGFDUERQ
YDOXHVLQWKHWRSRIWKHREVHUYHGUDQJHZHUHORVWZKHQJUDLQVL]HLQFUHDVHGIURPPWR
P +RZHYHU  RI WKH WRWDO DERYHJURXQG FDUERQ RFFXUUHG ZLWKLQ WKH ERWWRP WKUHH
FODVVLILFDWLRQVLHERWWRP  7KXVZKLOHFDUERQKRWVSRWVZHUHRYHUORRNHGDWODUJHUJUDLQ
VL]HVWKHEXONRIFDUERQLVVWLOODFFRXQWHGIRUDWUHODWLYHO\FRDUVHPJUDLQVL]H6LPLODUWR
WKHFDUERQGDWDVHWELUGVSHFLHVULFKQHVVKRWVSRWDUHDVUHSUHVHQWHGDVPDOOIUDFWLRQRIWKHWRWDO
DUHD7KH FRQFHQWUDWLRQ RI VSHFLHV ULFKQHVV YDOXHV VLPLODU WR FDUERQ UHVXOWHG LQ ELUG VSHFLHV
ULFKQHVVKRWVSRWVGLVDSSHDULQJDVJUDLQ VL]H LQFUHDVHV8QOLNH FDUERQERWKKLJKDQG ORZELUG
VSHFLHVULFKQHVVYDOXHVZHUHUDUH7UHQGVLQWUHHVSHFLHVGLYHUVLW\DVJUDLQVL]HLQFUHDVHGZHUH
VXEWOHEHFDXVHWKHWRSWZRGLYHUVLW\YDOXHVRIWRWDODUHDDWPJUDLQVL]HGLVDSSHDUHG
ZKHQ JUDLQ VL]H LQFUHDVHG IURP P WR P 7KH FRPELQHG HFRV\VWHP VHUYLFHV GDWDVHW
ZKLFKRYHUODLGHDFKLQGLYLGXDOHFRV\VWHPVHUYLFHH[KLELWHGDGHFUHDVHLQPD[LPXPLQGH[
YDOXH ,QGH[ YDOXH RI  DWPJUDLQ VL]H YV  DW PJUDLQ VL]HZKHQ JUDLQ VL]H
LQFUHDVHGIURPPWRP$GGLWLRQDOO\LQGH[YDOXHVLQWKHODUJHVWFODVVLILFDWLRQDWP
JUDLQVL]HUHSUHVHQWHGRIWKHWRWDODUHDEXWDWWKHPJUDLQVL]HWKHDUHDLQWKHVDPH
FODVVLILFDWLRQLQFUHDVHGWR7KHUHIRUHWKHILQHVFDOHLQIRUPDWLRQDIIRUGHGE\/L'$5GDWD
PD\ UHVXOW LQ LPSURYHG WDUJHWLQJ VFKHPHV IRU SULRULWL]LQJ ODQG FRQVHUYDWLRQ RU SD\PHQW IRU
HFRV\VWHP VHUYLFHV&RQYHUVHO\ LQDFFXUDWH DQGRU VSDWLDOO\ YDJXH LQIRUPDWLRQPD\SURSDJDWH
WKURXJKWKHGHFLVLRQPDNLQJDQGSROLF\VWDJHVRIHFRV\VWHPVHUYLFHFRQVHUYDWLRQ.QRZOHGJH
RIWKHSRWHQWLDOHUURUDQGZD\VWRPLWLJDWHVFDOHUHODWHGHFRV\VWHPVHUYLFHLGHQWLILFDWLRQHUURUV
PD\WKHUHIRUHEHXVHIXOLQFUHDWLQJHIIHFWLYHSROLF\


6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 1 
Estimation of Soil Surface Roughness from Airborne LiDAR: An 
Exploratory Study for SAR-based Modelling of Forest Biomass and 
Soil Moisture 

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
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Abstract 
6RLO VXUIDFH URXJKQHVV LQ WKH  ± PHWHU VFDOH LV WKHPDLQ IDFWRU GHWHUPLQLQJ VXUIDFH
EDFNVFDWWHUIURPDUHDVFKDUDFWHUL]HGE\EDUHWRORZYHJHWDWHGFRQGLWLRQV7KHSDUDPHWHUL]DWLRQ
RIVXUIDFHURXJKQHVVDQGFKDUDFWHUL]DWLRQRI LWVVSDWLDOYDULDELOLW\FDQSRVHPDMRUSUREOHPV LQ
IRUHVWELRPDVVUHWULHYDO IURP6\QWKHWLF$SHUWXUH5DGDU6$5GDWD VLQFH WKH WRWDOEDFNVFDWWHU
REVHUYHGE\WKH6$5VHQVRUVLQDUHDVRIORZYHJHWDWLRQGHQVLW\ZLOOLQFOXGHDVLJQLILFDQWGLUHFW
EDFNVFDWWHU IURP WKH JURXQG ZKLFK QHHGV WR EH DFFXUDWHO\ DFFRXQWHG IRU LQ 6$5 UHWULHYDO
PRGHOV 7KLV SDSHU LQYHVWLJDWHV WKH UHWULHYDO RI VXUIDFH URXJKQHVV IURP DLUERUQH /L'$5
REVHUYDWLRQVDVDPHDQWRSURYLGHVSDWLDOVXUIDFHURXJKQHVVHVWLPDWHVIRU6$5DSSOLFDWLRQV   
6XUIDFH URXJKQHVV LV JHQHUDOO\ FKDUDFWHUL]HG WKURXJK JURXQG PHDVXUHPHQWV RI KHLJKW
YDULDWLRQV DORQJ VKRUW P WUDQVHFWV 7KDW LQIRUPDWLRQ LV PDLQO\ LQSXW LQWR EDFNVFDWWHU
PRGHOV XVLQJ WKH KHLJKWV 5RRW 0HDQ 6TXDUH 506 FRUUHODWLRQ OHQJWK DQG DXWRFRUUHODWLRQ
IXQFWLRQ XQGHU WKH DVVXPSWLRQ WKDW VXUIDFH URXJKQHVV FDQ EH UHSUHVHQWHG E\ D VLQJOHVFDOH
VWDWLRQDU\SURFHVV+RZHYHUH[WHQVLYHUHVHDUFKFRQFHUQLQJVXUIDFHURXJKQHVVFKDUDFWHUL]DWLRQ
KDV VXJJHVWHG WKDW URXJKQHVV SDUDPHWHUV RIWHQ VKRZ OLWWOH RUQR VSDWLDO GHSHQGHQF\PHDQLQJ
WKDW SDUDPHWHUVPHDVXUHG DW RQH SRVLWLRQ RIWHQ SRRUO\ UHSUHVHQW WKHLU VXUURXQGLQJ0RUHRYHU
VFDOHGHSHQGHQF\RIWKHURXJKQHVVSDUDPHWHUVPDNHVWKHDVVXPSWLRQRIDVLQJOHVFDOHSURFHVV
XQVXLWDEOH WR DFFXUDWHO\ DFFRXQW IRU WKH FRPSOH[ JHRPHWU\ RI QDWXUDO VXUIDFHV SURYLGLQJ DQ
DGGLWLRQDOVRXUFHRIXQFHUWDLQW\LQ6$5EDFNVFDWWHUPRGHOV,QDGGLWLRQPDQXDOVRLOSURILOHVDUH
WLPH FRQVXPLQJ DQG ODERXU LQWHQVLYH KHQFH WKHUH LV D QHHG WR GHYHORS D IDVWHU DQG PRUH
FRVWHIIHFWLYHVDPSOLQJDOWHUQDWLYH/L'$5REVHUYDWLRQVSUHVHQWDQXQSUHFHGHQWHGRSSRUWXQLW\
WRHIILFLHQWO\FKDUDFWHUL]HVXUIDFHURXJKQHVVVSDWLDOGLVWULEXWLRQE\SURYLGLQJKLJKGHQVLW\KLJK
SUHFLVLRQVRLO VXUIDFHKHLJKWVPHDVXUHPHQWVRYHU ODUJHDUHDV$ UHFHQW VWXG\KDVDQDO\VHG WKH
YLDELOLW\RIVXFK WHFKQLTXHVXJJHVWLQJ WKDWWKHYHUWLFDOKHLJKWQRLVHUHVXOWLQJIURPWKH/L'$5
V\VWHPQRLVHLVVPDOOHQRXJKWRDOORZGLVWLQJXLVKLQJFPVFDOHURXJKQHVVYDULDWLRQV 
7KLV SDSHU GHPRQVWUDWHV IRU WKH ILUVW WLPH WKH DFFXUDF\ RI HVWLPDWHV RI VXUIDFH URXJKQHVV
GHULYHG IURPDLUERUQH/L'$5REVHUYDWLRQV RYHU EDUH VXUIDFHV7ZRDLUERUQH/L'$5 VXUYH\V
ZHUHFRQGXFWHGRQ6HSWHPEHUDQGRYHUEDUHDJULFXOWXUDOSDGGRFNVLQDQDUHDRI
LQWHQVLYH LUULJDWHG FURSSLQJ LQ WKH 0XUUXPELGJHH FDWFKPHQW $XVWUDOLD $LUERUQH GDWD ZHUH
VXSSRUWHGE\PDQXDOJURXQGPHDVXUHPHQWRIVXUIDFHKHLJKWVFROOHFWHGDORQJPSURILOHVDW
ORFDWLRQVRQHDFKSDGGRFN7KH DFFXUDF\RI/L'$5GHULYHG VXUIDFH URXJKQHVV HVWLPDWHVZDV
DVVHVVHGE\DGGUHVVLQJLWKHUHSHDWDELOLW\RIHVWLPDWHVRIKHLJKWV506ERWKEHWZHHQDGMDFHQW
VZDWKVDQGGLIIHUHQWGDWHVLL7KHHUURUDQGFRUUHODWLRQEHWZHHQ/,'$5DQGJURXQGHVWLPDWHV
RIKHLJKWV5065HVXOWVVKRZHGWKDWWKH/L'$5HVWLPDWHVZHUHYHU\VWDEOHEHWZHHQRYHUSDVVHV
FP PHDQ GLIIHUHQFH ([FHOOHQW FRUUHODWLRQ ZDV DOVR REVHUYHG EHWZHHQ /L'$5 DQG
JURXQGSURILOHVU SZLWKDURRWPHDQVTXDUHHUURURIFPFPPHDQHUURU
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 2 
$VDQH[DPSOHDSSOLFDWLRQWKHYDOLGDWHG/L'$5HVWLPDWHVZHUHWKHQXVHGWRLQYHVWLJDWHVXUIDFH
URXJKQHVVWHPSRUDOFKDQJHVGXHWRZHDWKHULQJDQGWLOODJH
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
Modelling harvesting productivity with LiDAR 

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Abstract  

0DMRUIDFWRUVLPSDFWLQJSURGXFWLYLW\DQGHIILFLHQF\RIDPHFKDQLVHGKDUYHVWLQJV\VWHPLQFOXGH
IRUHVWVWDQGFKDUDFWHULVWLFVWUHHVL]HRUSLHFHVL]HVWDQGGHQVLW\XQGHUJURZWKWHUUDLQYDULDEOHV
VORSH URFNV ZRRG\ GHEULV RSHUDWRUV¶ H[SHULHQFH 	 VNLOO DQG PDFKLQHU\ OLPLWDWLRQV 7KH
SXUSRVHRIWKHVWXG\ZDVWRXVHUHPRWHVHQVLQJWHFKQRORJ\LQFOXGLQJ/L'$5/LJKW'HWHFWLRQ
$QG5DQJLQJWRLGHQWLI\DQGTXDQWLI\WUHHVL]HPDQGVORSHDQGKHQFHGHULYHUHODWLRQVKLSVWR
SUHGLFWSURGXFWLYLW\RIDIHOOHUEXQFKHUDQGDSURFHVVRUIURPUHPRWHVHQVLQJGDWD

$FDVHVWXG\KDVEHHQFRQGXFWHGLQD\HDUROGUDGLDWDSLQHPinus radiataSODQWDWLRQDW3RUW
$UWKXU7DVPDQLD$XVWUDOLD$ WLPH DQGPRWLRQ VWXG\ FRQGXFWHG LQ D FOHDUIHOOLQJ KDUYHVWLQJ
RSHUDWLRQ KDV EHHQ XVHG WR HVWLPDWH WKH LPSDFW RI WUHH VL]H DQG VORSH RQ SURGXFWLYLW\ RI D
IHOOHUEXQFKHUDQGDSURFHVVRU/L'$5IORZQLQKDVEHHQXVHGWRLGHQWLI\DQGTXDQWLI\WUHH
VL]HDQGHVWLPDWHVORSH/L'$5GHULYHGWUHHVL]HHVWLPDWHVDQGVORSHKDYHEHHQJURXQGWUXWKHG
DJDLQVWILHOGPHDVXUHPHQWVRIWUHHVDQGVORSHVUHVSHFWLYHO\(PSLULFDOPRGHOVZLOOEHGHYHORSHG
WRHQDEOHWKH/L'$5GHULYHGHVWLPDWHVRIWUHHVL]HDQGVORSHWREHXVHGWRHVWLPDWHSURGXFWLYLW\
RIKDUYHVWLQJHTXLSPHQW7KH UREXVWQHVVRI WKHVH UHODWLRQVKLSVZLOO EH WHVWHGE\DSSO\LQJ WKH
PRGHOWRDUHDVQRWXVHGLQWKHGHYHORSPHQWSURFHVV

Key words:+DUYHVWLQJV\VWHP5HPRWHVHQVLQJ/L'$53URGXFWLYLW\)HOOHUEXQFKHU
3URFHVVRU5DGLDWDSLQH

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6HSWHPEHU±9DQFRXYHU&DQDGD
 1 
Change detection of biomass along N-S 750 km transect in 
northwestern Canada by multi-temporal airborne laser profiling 

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
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Abstract 
0XOWLWHPSRUDODLUERUQHODVHUPLVVLRQVRYHU16WUDQVHFWRINPEHWZHHQ'DZVRQ1
:<XNRQWHUULWRU\DQG,QXYLN1:QRUWKZHVWWHUULWRU\LQ&DQDGDZHUH
FRQGXFWHG LQ VXPPHU RI  DQG  IRU HVWLPDWLQJ WHUUHVWULDO ELRPDVV FKDQJH DQG
PRQLWRULQJ KRZ QRUWKHUQ SODQWV UHVSRQG WR SRVVLEOH JOREDO ZDUPLQJ %\ SURFHVVLQJ RULJLQDO
VXUIDFH SURILOHV RI WKH WHUPKHDG DQG HQG SURILOLQJ YHJHWDWLRQ SURILOHV ZHUH REWDLQHG DV D
GLIIHUHQFH EHWZHHQ VXUIDFH DQG JURXQG SURILOHV 7KHQ DYHUDJH YHJHWDWLRQ KHLJKW DQG WLPEHU
YROXPHDERYHJURXQG ELRPDVV HYHU\  P DORQJ WUDQVHFW DW WKH WHUPKHDG DQG HQG ZHUH
REWDLQHG DV DYHUDJH YHJHWDWLRQ KHLJKW DQG DSSO\LQJ UHJUHVVLRQ HTXDWLRQV RI WLPEHU
YROXPHELRPDVVPHDVXUHGDWJURXQG VDPSOHSORWVDJDLQVW DYHUDJHYHJHWDWLRQKHLJKW7KHQ
FKDQJH LQ WLPEHU VWRFN DQG ELRPDVV LQ  \HDUV IURP  WR  ZHUH FDOFXODWHG E\ WKH
GLIIHUHQFHRIWKRVHRIWHUPKHDGDQGHQG$YHUDJHYHJHWDWLRQKHLJKWWLPEHUVWRFNDQGELRPDVV
HQWLUHNPWUDQVHFWZHUHLQFUHDVHGIURPPPKDDQGWRQGPKDLQVXPPHURI
WRPPKDDQGWRQGPKDLQVXPPHUDVDQQXDOLQFUHPHQWRIP
PKDDQGWRQGPKD%LRPDVVLQFUHPHQWZDVPXFKODUJHULQIRUHVWGRPLQDWHGVHFWLRQ
NPIURP'DZVRQQHDUO\WRQGPKD\HDUWKDQWXQGUDGRPLQDWHGVHFWLRQNP
IURP'DZVRQWRQGPKD\HDU$LUWHPSHUDWXUHDQGZDUPWKLQGH[LQUHFHQW\HDUVKDYH
EHHQULVLQJGHJUHHVDQGGHJUHHVPRQWKPRUHWKDQGHJUHHV&HOVLXVLQPHDQPRQWKO\
WHPSHUDWXUH LQ'DZVRQDQGLQ(DJOHSODLQVWKHPLGGOHSRLQWRI WUDQVHFWDQG
DQGLQ,QXYLNUHVSHFWLYHO\DQGZKLFKVXSSRUWVVRLOWHPSHUDWXUHVKRXOGKDYHDOVREHHQULVLQJ
LQ WKLVDUHD%RWK WKHDLUDQGVRLO WHPSHUDWXUH ULVLQJFDXVHV WKHUHOHDVLQJJURZWK OLPLWDWLRQRI
SODQWVLQWKLVUHJLRQ+RZHYHUELRPDVVFDUERQUHOHDVHIURPIRUHVWILUHVHHPVQRWVLJQLILFDQWDW
OHDVWDORQJRXUODVHUWUDQVHFWIURP\HDUWRMXGJLQJIURPWKHFRPELQDWLRQRIDQDO\VLV
RIPXOWLWHPSRUDO DLUERUQH ODVHU SURILOLQJ GDWD VHW ILUH KLVWRU\PDS IURP<XNRQ WHUULWRU\ DQG
REVHUYDWLRQIURPWKHDLUDQGJURXQG7KHFXPXODWLYHYHJHWDWLRQKHLJKWGLVWULEXWLRQFXUYHZKLFK
LV RQH RI WKH ODVHU YHJHWDWLRQ KHLJKW LQGLFHV REWDLQHG IURPKHLJKW GLVWULEXWLRQRI HDFK P
VHFWLRQ ZDV XVHG WR FODULI\ WKHPHFKDQLVP RI ELRPDVV FKDQJH 7KH UHVXOWV UHYHDOHG WKDW WKH
JURZWKLQQRUWKHUQSODQWVZLWKLQ\HDUVIURPWRZDVEDVLFDOO\E\JURZLQJFRYHUDJH
E\ UDWKHU ODUJH WUHHV KHLJKWPRUH WKDQ P DQG JURZLQJ KHLJKW E\ VWXQWHG WUHHV DQG JUDVV
KHLJKW OHVV WKDQ  P E\ VHTXHVWUDWLRQ RI DWPRVSKHULF FDUERQ GLR[LGH 7KHVH UHVXOWV PD\
FRQWULEXWH WR WKHEDVLF LQIRUPDWLRQ IRUXQGHUVWDQGLQJKRZQRUWKHUQSODQWVKDYHEHHQDQGZLOO
FRUUHVSRQGGXHWRSRVVLEOHJOREDOZDUPLQJ
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 1 
Three-dimensional mass function clustering algorithm for crown 
segmentation 

/0RQLND0RVNDO1LFKRODV59DXJKQ 

 6FKRRORI(QYLURQPHQWDODQG)RUHVW6FLHQFHV&ROOHJHRIWKH(QYLURQPHQW8QLYHUVLW\
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

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
/L'$5EDVHGFDQRS\KHLJKWPRGHOVDUHXVHGIRUWUHHFURZQGHOLQHDWLRQGHULYHGZLWKZDWHUVKHG
DOJRULWKPVVORSHEDVHGVHJPHQWDWLRQVRUHYHQE\XVLQJVSHFLDOL]HGVHJPHQWDWLRQVRIWZDUHVXFK
DVH&RJQLWLRQ7KHVHPHWKRGVZRUNVZHOOLQSODQWDWLRQVDQGIRUHVWZLWKORZKHWHURJHQHLW\DQG
QRQRYHUODSSLQJ FURZQV EXW KDYH EHHQ VKRZQ WR EH SUREOHPDWLF LQ KHWHURJHQHRXV IRUHVWV
0RUHRYHUDVZHEHJLQZRUNLQJZLWKIXOOZDYHIRUP/L'$5LWEHFRPHVREYLRXVWKDWWKHFDQRS\
KHLJKW PRGHO LV RYHUVLPSOLI\LQJ WKH FDQRS\ VWUXFWXUH FRQWHQW RI WKH GDWD 7KXV DSSURDFKHV
EH\RQG VXUIDFH VWUXFWXUH DUHEHLQJGHYHORSHG VRPHZRUNLQJGLUHFWO\ZLWK WKHZDYHIRUPVRU
H[WUDFWHGSRLQWFORXGGDWDDQGRWKHUVIRFXVLQJRQYR[HOL]LQJWKHGDWD,QWKLVUHVHDUFKDSURJUDP
ZDVZULWWHQWKDWYR[HOL]HVWKHSRLQWFORXGH[WUDFWHGIURPDIXOOZDYHIRUPGDWDVHW   
2XUVHJPHQWDWLRQDOJRULWKPEXLOGVFOXVWHUVRIYR[HOVE\VFDQQLQJWKURXJKWKHYR[HOGDWDVHWRQH
OD\HU DW D WLPH  :LWKLQ HDFK OD\HU HDFK YR[HO FRQWDLQLQJ SRLQWV ZDV HLWKHU DGGHG WR D
QHLJKERXULQJFOXVWHULIWKHFOXVWHUKDVHQRXJK³PDVV´RYHUWKHYR[HO  0DVVZDVFRPSXWHGDVD
FRPELQDWLRQ RI WKH VLQH RI WZR DQJOHV  EHWZHHQ D YHFWRU FRQQHFWLQJ WKH YR[HO WR FOXVWHU
ERWWRPDQGDYHFWRUFRQQHFWLQJWKHYR[HOWRFOXVWHUWRSDQGEHWZHHQWKHYHUWLFDOSODQHDQGD
YHFWRUIURPWKHYR[HOWKDWZDVWDQJHQWWRDFLUFOHRIDUDGLXVFRPSXWHGIURPWKHFXUUHQWFOXVWHU
ZLGWKFDQWHUHGDWWKHFOXVWHUFHQWURLG7KLVDOJRULWKPZDVLQWHQGHGWRDOORZFURZQRXWOLQHVWR
RYHUODSDVWKH\GRLQQDWXUH

,Q RUGHU WR DVVHVV DFFXUDF\ ILHOGPHDVXUHPHQWV IRU  WUHHV LQ D KHWHURJHQHRXV IRUHVWZHUH
XWLOL]HG 7R PDWFK WKH ILHOG GDWD ZLWK WKH /L'$5GULYHQ VHJPHQWDWLRQ D VSDWLDO TXHU\ ZDV
SHUIRUPHG IRU HDFK VHJPHQWDWLRQ GDWDVHW PDWFKLQJ DOO FOXVWHU RXWOLQHV WKDW FRQWDLQHG D SRLQW
UHSUHVHQWLQJWKHWZRGLPHQVLRQDOSRVLWLRQRIDQ\WUHH   &OXVWHUVZHUHDOORZHGWRPDWFKRQO\
RQH WUHH  7KHUHIRUH LQ FDVHV ZKHUH PXOWLSOH WUHH EROHV PDWFK D FOXVWHU WKH WUHH ZLWK WKH
VPDOOHVW GLIIHUHQFH LQ FURZQ ZLGWK ZDV VHOHFWHG  ,Q WKH YR[HOEDVHG VHJPHQWDWLRQ FOXVWHU
RXWOLQHVZHUHDOORZHGWRRYHUODSPDNLQJLWSRVVLEOHIRUPXOWLSOHFOXVWHUVWRPDWFKDVLQJOHWUHH 
,QWKHVHFDVHVWKHFOXVWHUZLWKWKHVPDOOHVWGLIIHUHQFHLQFURZQZLGWKZDVUHWDLQHGLQWKHGDWDVHW
7KHQDQRYHUDOOOLQHDUUHJUHVVLRQZDVSHUIRUPHGLQFRUSRUDWLQJDOOPDWFKHGWUHHVDQGFOXVWHUVRI
DOOVSHFLHV   7KHRYHUDOOOLQHDUUHJUHVVLRQKDGDQLQWHUFHSWRIDQGDVORSHRIZLWKD
WYDOXHRI   7KLV\LHOGVDWZRVLGHGSYDOXHRIRQGHJUHHVRI IUHHGRP  7KH
5 VWDWLVWLFZDV  )XUWKHUPRUH GUDVWLF GLIIHUHQFHV LQ WKH5ZHUH REVHUYHG IRU VRIWZRRG
YHUVXV KDUGZRRG VSHFLHV LQGLFDWLQJ WKDW WKH DSSURDFK LV VHQVLWLYH WR VWUXFWXUDO FURZQ
GLIIHUHQFHV+DUGZRRGVSHFLHVDUHLQKHUHQWO\GLIILFXOW WRVHJPHQWEHFDXVHRIWKH ORZHUDSLFDO
GRPLQDQFHDOVRPXOWLSOHWRSVPDNHDWUHHYHU\HDV\WRRYHUVHJPHQW  %DVLFNQRZOHGJHRIWKH
JURZWKFKDUDFWHULVWLFVRIVSHFLHVFRXOGLPSURYHWKHDOJRULWKPE\LQFRUSRUDWLQJVSHFLHVVSHFLILF
IHDWXUHVVXFKDVDYHUDJHFURZQZLGWKLQWRDVHJPHQWDWLRQDOJRULWKP6XFKLPSURYHPHQWVVHUYH
DVIXWXUHGLUHFWLRQIRUWKLVUHVHDUFK
QLFN
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 
 
Influence of stand and site conditions on the quality of digital elevation 
models underlying forests 
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0HWVHUYLFH:HOOLQJWRQ1HZ=HDODQGWKRPDVDGDPV#PHWVHUYLFHFRP
,QGXIRU$VLD3DFLILF/WG$XFNODQG1HZ=HDODQGSHWHZDWW#LQGXIRUDSFRP
,QWHUSLQH5RWRUXD1HZ=HDODQGKDPLVKPDUVKDOO#LQWHUSLQHFRQ]
6FLRQ5RWRUXD1HZ=HDODQGGDYLGSRQW#VFLRQUHVHDUFKFRP

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Abstract 
 
:KHQ DHULDO /L'$5 GDWD LV XVHG WR FRQVWUXFW 'LJLWDO (OHYDWLRQ 0RGHOV '(0V XQGHU
YHJHWDWLRQ'(0TXDOLW\ZLOOLQYDULDEO\VXIIHUGXHWRDWWHQXDWLRQRIWKHODVHUSXOVHVE\WKHODQG
FRYHU$OWKRXJKWKHUDWLRRIJURXQGUHWXUQVWRRXWJRLQJSXOVHVGRSHULVNQRZQWRYDU\ZLGHO\
IRU IRUHVWDSSOLFDWLRQV OLWWOH UHVHDUFKKDVTXDQWLILHG WKH LQIOXHQFHRIIRUHVWVWDQGVWUXFWXUHDQG
VLWHFRQGLWLRQVRQWKLVUDWLR$QXQGHUVWDQGLQJRIKRZWKHVHIDFWRUVLQIOXHQFHGRSHULVFUXFLDOIRU
WKH GHYHORSPHQW RI DFFXUDWH GLJLWDO HOHYDWLRQ PRGHOV 8VLQJ DQ H[WHQVLYH QDWLRQDO GDWDVHW
REWDLQHGIURP1HZ=HDODQG¶VSODQWDWLRQIRUHVWVWKHREMHFWLYHRIWKLVUHVHDUFKZDVWRGHYHORSD
PXOWLSOH UHJUHVVLRQPRGHO RIGRSHU WKDW FRXOG EH XVHG WR VSHFLI\ WKH QHFHVVDU\/L'$5SRLQW
GHQVLW\IRUGHYHORSPHQWRIDFFXUDWH'(0V

:LWKLQWKHGDWDVHWGRSHUDYHUDJHGUDQJLQJIURPWR7KHILQDOPRGHORIGRSHU
LQFOXGHG VWDQG DJH FURS GHQVLW\ QRQFURS GHQVLW\ DQG VORSH DQG DFFRXQWHG IRU  RI WKH
YDULDQFHLQGRSHUZLWKURRWPHDQVTXDUHHUURU506(RIGRSHUGHFOLQHGH[SRQHQWLDOO\
DVVWDQGDJHFURSDQGQRQFURSGHQVLW\LQFUHDVHGDQGGHFOLQHGOLQHDUO\ZLWKLQFUHDVHVLQVORSH
GRSHUZDVQRWVXEVWDQWLDOO\DIIHFWHGE\HLWKHUSXOVHGHQVLW\VWDQGDVSHFWRUZKHWKHU WKHVWDQG
FRPSULVHGPinus radiata RUPseudotsuga mensiesii
 
 
The use of airborne and canopy lidar to validate continental-scale 
maps of vegetation height in Australia: A TERN project 

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
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8QLYHUVLW\RI1HZ(QJODQG3UHFLVLRQ$JULFXOWXUH5HVHDUFK*URXS8QLYHUVLW\RI1HZ
(QJODQG$UPLGDOH16:$XVWUDOLD

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Abstract 

7KH $XVWUDOLDQ 7HUUHVWULDO (FRV\VWHP 1HWZRUN 7(51 DQG LWV UHPRWH VHQVLQJ GDWD IDFLOLW\
³$XV&RYHU´DQGDVVRFLDWHGSDUWQHUVDLPWRSURGXFHDQDWLRQDODERYHJURXQGELRPDVVPDSRI
$XVWUDOLDRQDQDQQXDOEDVLV7RZDUGVWKLVHQGDGDWDEDVHRIKLVWRULFDOWHUUHVWULDOODVHUVFDQQLQJ
7/6 GDWD DQG DLUERUQH ODVHU VFDQQLQJ $/6 LV EHLQJ DVVHPEOHG LQ SDUWLFXODU WR KHOS LQ
YDOLGDWLQJFRQWLQHQWDOYHJHWDWLRQKHLJKWHVWLPDWHVIURPDFURVVWKH$XVWUDOLD7KHDLUERUQHOLGDU
GDWDZLOOEHDJJUHJDWHGWRPUHVROXWLRQDQGFRPSDUHGZKHUHDSSURSULDWHZLWKWKHWHUUHVWULDO
7/6GDWDVHWVLQFOXGLQJWKRVHFROOHFWHGYLDWKH(&+,'1$YDOLGDWLRQLQVWUXPHQW(9,:LWKLQD
QXPEHURIVHOHFWHGYDOLGDWLRQVLWHVVLWXDWHGDFURVV$XVWUDOLDDGGLWLRQDOin situPHDVXUHPHQWVRI
WKHYHJHWDWLRQKHLJKWDQGVWDQGFKDUDFWHULVWLFVZLOOEHXVHG WRSURYLGHPRUHGHWDLOHGVWUXFWXUH
LQIRUPDWLRQ WKDQ LV W\SLFDOO\ DYDLODEOH ZLWKLQ $/6 DQG 7/6 GDWDVHWV 7KHVH in situ 
PHDVXUHPHQWVZLOOHQDEOHWKHYDOLGDWLRQRIWKHFRLQFLGLQJ$/6DQG7/6GDWDVHWVDWHDFKRIWKH
VHOHFWHG YDOLGDWLRQ VLWHV RQ D QDWLRQZLGH EDVLV 2QFH YDOLGDWHG WKH $/6 DQG 7/6 GDWDVHWV
WKHPVHOYHVFDQEHXVHG WRYDOLGDWHDQGFDOLEUDWHQDWLRQDOYHJHWDWLRQKHLJKWSURGXFWVDYDLODEOH
YLD UHPRWH VHQVLQJ VXFK DV ,&(6DW */$6 GDWD ZKLFK LQ WXUQ ZLOO EH XVHG DV LQSXWV WR WKH
QDWLRQDOELRPDVVPDSSLQJSURMHFWLQ7(51
$V SHU 7(51 GDWD DFFHVV SULQFLSOHV VXFK GDWDVHWV ZLOO EH IUHHO\ DYDLODEOH DQG ZRXOG EH
YDOXDEOHIRUIXWXUHQDWLRQDODQGJOREDOVFDOHYHJHWDWLRQFDQRS\KHLJKWYDOLGDWLRQDQGPDSSLQJ
DFWLYLWLHVVXFKDVWKHODXQFKRI,&(6DWLQDVZHOODVIRUXVHLQFURVVYDOLGDWLRQDFWLYLWLHV
RIYHJHWDWLRQKHLJKWDQGIRUHVWFRYHUFKDQJHDFURVV$XVWUDOLD¶VHFRV\VWHPV


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 1 
Contribution of ALS and TLS to structural profiles of complex, 
multi-strata cool temperate rainforest 

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Abstract  

$LUERUQHOLGDUOLJKWGHWHFWLRQDQGUDQJLQJWHFKQRORJ\LVLQFUHDVLQJO\EHLQJXVHGIRU
FODVVLI\LQJDQGGHVFULELQJIRUHVWVDWODQGVFDSHUHJLRQDODQGODUJHUVFDOHV7KRXJKVXIILFLHQWLQ
VLQJOHVWUDWDIRUHVWVWKHGHWDLODQGDFFXUDF\RIVWUXFWXUDOLQIRUPDWLRQIURPDLUERUQHOLGDULQ
FRPSOH[IRUHVWVZLWKVXEFDQRS\VWUDWDLVOLPLWHGE\WKHRYHUVWRUH\JDSIUDFWLRQWKHVSDWLDO
GHQVLW\RIOLGDUSXOVHVWKHQXPEHURIUHWXUQVLJQDOVVDPSOHGSHUSXOVHDQGRFFOXVLRQV
 7HUUHVWULDOOLGDUVHQVRUVDOORZIRUJURXQGEDVHGVFDQQLQJZKLFKLQFOXGHVVWUXFWXUDO
LQIRUPDWLRQRIORZHUIRUHVWVWUDWDLQFOXGLQJFRDUVHZRRG\GHEULVEXWDOVRH[WHQGVLQWRWKH
KLJKHUVWUDWD,QFUHDVHGVWUXFWXUDOLQIRUPDWLRQFDQEHDFTXLUHGE\PXOWLSOHWHUUHVWULDOVFDQ
SRVLWLRQVRIWKHVDPHSORWWREXLOGGHWDLOHG'UHFRQVWUXFWLRQV+RZHYHUWHUUHVWULDOOLGDULV
OLPLWHGLQFRPSOH[IRUHVWVWUXFWXUHVE\RFFOXVLRQDQGE\UHGXFHGUHWXUQVLJQDOVZKHQVFDQQLQJ
GHQVHXSSHUFDQRS\VWUDWD
 ,QWKLVVWXG\ZHDLPWRLQWHJUDWHDLUERUQHDQGWHUUHVWULDOOLGDUGDWDWRSURYLGHPRUHDFFXUDWH
UHSUHVHQWDWLRQRIWKHYHUWLFDODQGKRUL]RQWDOVWUXFWXUHVRIFRPSOH[IRUHVWV)HZVWXGLHVKDYH
IRFXVHGRQWKHFRPELQDWLRQRIERWKGDWDVRXUFHVWRGHULYHHPSLULFDOUHODWLRQVKLSVZLWKVWUXFWXUDO
DWWULEXWHVLQFRPSOH[IRUHVWV$QDQDO\VLVRIWKHDPRXQWRILQIRUPDWLRQFRQWULEXWHGE\HDFKOLGDU
GDWDVRXUFHDQGZKHUHLQWKHIRUHVWSURILOHHDFKPHWKRGFRQWULEXWHVWKHPRVWVWUXFWXUDO
LQIRUPDWLRQFRXOGEHXVHGWRGHYHORSHPSLULFDOUHODWLRQVKLSVIRUSUHGLFWLQJYHUWLFDOVWUXFWXUH
DQGKHWHURJHQHLW\ZLWKLQFRPSOH[IRUHVWV
 :HFRQGXFWDSLORWVWXG\RIWKHFRQWULEXWLRQRIDLUERUQHDQGWHUUHVWULDOOLGDUWRVWUXFWXUDO
SURILOHVRIPXOWLOD\HUHGFRROWHPSHUDWHUDLQIRUHVWLQWKH&HQWUDO+LJKODQGVRI9LFWRULD
VRXWKHDVW$XVWUDOLD7KLVIRUHVWW\SHW\SLFDOO\FRQVLVWVRIDGLYHUVHUDLQIRUHVWWUHHOD\HUEHQHDWK
DQHPHUJHQWHXFDO\SWFDQRS\LQFOXGHVPXOWLSOHVWUDWDRIIHUQVLQFOXGLQJWUHHIHUQVDQGKDV
FRQVLGHUDEOHFRDUVHZRRG\GHEULV,QDGGLWLRQWKHWUXHH[WHQWRIFRROWHPSHUDWHUDLQIRUHVWLQ
9LFWRULDKDVQRWEHHQDFFXUDWHO\PDSSHGPDNLQJLWDQLGHDOFDQGLGDWHIRULPSURYHGVSDWLDO
FKDUDFWHULVDWLRQ$LUERUQHOLGDUGDWDZDVDFTXLUHGIURP1RYHPEHUWR-DQXDU\RYHU
WKHIXOOH[WHQWRIWKH&HQWUDO+LJKODQGV,QDGGLWLRQVL[FRROWHPSHUDWHUDLQIRUHVWSORWVZHUH
VFDQQHGZLWKD5,(*/9='WHUUHVWULDOVFDQQHULQ$SULO
 :H SURYLGH D PHWKRGRORJLFDO IUDPHZRUN IRU LQWHJUDWLQJ DLUERUQH DQG WHUUHVWULDO OLGDU WR
LGHQWLI\ DQG FKDUDFWHULVH NH\ VWUXFWXUDO HOHPHQWV LQ FRPSOH[ IRUHVW W\SHV OLNH FRRO WHPSHUDWH
UDLQIRUHVWV 7KH VWUXFWXUDO YDULDEOHV GHPRQVWUDWH WKDW SRWHQWLDO HPSLULFDO UHODWLRQVKLSV FDQ EH
GHULYHG IURP WKH FRPELQHG OLGDUGDWD WRRYHUFRPH WKH OLPLWDWLRQVRI HDFK LQGLYLGXDOPHWKRG
DQGWRLPSURYHIRUHVWVWUXFWXUHFODVVLILFDWLRQDWWKHODQGVFDSHOHYHO

6LOYL/DVHU6HSWHPEHU±9DQFRXYHU&DQDGD
 
Extraction of 3D tree models based on equirectangular projections of 
terrestrial laser scanning data 

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&+=ULFK6ZLW]HUODQGIHOL[PRUVGRUI#JHRX]KFK

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Abstract 

([WUDFWLQJ'WUHHPRGHOVEDVHGRQKLJKGHQVLW\ WHUUHVWULDO ODVHUVFDQQLQJ7/6SRLQWFORXGV
ZLWKDXWRPDWLFVHPLDXWRPDWLFRUPDQXDOPHWKRGVLVDFKDOOHQJLQJWDVNDVWUHHVDUHFRPSOH[
LQGLYLGXDO REMHFWV 9DULRXV SXEOLFDWLRQV LQ WKLV UHVHDUFK ILHOG VKRZ WKH GHPDQG IRU WUHH
UHFRQVWUXFWLRQPHWKRGVEDVHGRQ7/6GDWD'DWDVHWVDFTXLUHGZLWKFXUUHQW7/6GHYLFHVDOORZ
GHWDLOHGUHFRQVWUXFWLRQRIWUHHVWHPVDQGEUDQFKHVZKLFKDUHDIXQGDPHQWDOLQSXWIRUHJVWHP
YROXPHDVVHVVPHQWRUVHWWLQJXSYLUWXDOIRUHVWVFHQHV)RUGHQVHIRUHVWVDFRPSOHWHO\DXWRPDWHG
UHFRQVWUXFWLRQRID WUHH LVRIWHQ OLPLWHGE\RFFOXVLRQVDQGGDWDJDSVDVZHOODVYDU\LQJSRLQW
GHQVLW\ %HVLGH DXWRPDWLF H[WUDFWLRQ PHWKRGV EDVHG SXUHO\ RQ WKH SRLQW FORXG HJ UHJLRQ
JURZLQJDOJRULWKPVWUHHPRGHOVFDQEHVHPLDXWRPDWLFDOO\FUHDWHGE\HJORFDOF\OLQGHUILWWLQJ
7KLV WDVN LV FKDOOHQJLQJ DQG WLPH FRQVXPLQJ EHFDXVH WKH LQWHUSUHWHU KDV WR QDYLJDWH WKURXJK
GHQVHSRLQWFORXGVDQGWKHVHOHFWLRQRIVXEVHWVIRUF\OLQGHUILWWLQJFDQEHWULFN\ 
,QWKHSUHVHQWHGDSSURDFKDVHPLDXWRPDWLFPHWKRGIRUH[WUDFWLQJFRQLIHURXVDQGGHFLGXRXVWUHH
PRGHOV EDVHG RQ SURMHFWHG ' PDSV RI WKH 7/6 SRLQW FORXG LV GHVFULEHG (TXLUHFWDQJXODU
SURMHFWLRQV(3EDVHGRQWKHREVHUYDWLRQDQJOHVRIWKHVFDQDUHFUHDWHGWKHUHE\GLVSOD\LQJWKH
GLVWDQFH UDQJH PDS 50 DQG LQWHQVLW\ LQIRUPDWLRQ LQWHQVLW\ PDS ,0 GHWHFWHG E\ WKH
VFDQQLQJ GHYLFH 7KH VRFDOOHG WUHH VWUXFWXUH HOHPHQWV LH VWHPV DQG EUDQFKHV DUH FOHDUO\
LQWHUSUHWDEOHLQWKH,0DQG507KHVHHDVLO\QDYLJDEOHPDSVSURYLGHDJRRGEDVLVIRUH[WUDFWLQJ
WUHHV E\ GLJLWL]LQJ WKH D[LV RI WKH VWUXFWXUH HOHPHQWV DQG DVVLJQLQJ WKHLU UHVSHFWLYH ORFDO
GLDPHWHUZKLFKZHUHPHDVXUHGLQWKH'PDSV(3GHULYHGIURPPXOWLSOHVFDQSRVLWLRQVDURXQG
WKHWUHHVDUHXVHGWRFRPSOHWHRFFOXGHGVHFWLRQV(UURQHRXVPHDVXUHPHQWVDULVLQJIURPPRYLQJ
WUHHSDUWVHJEUDQFKHVDIIHFWHGE\ZLQGRUE\LPSHUIHFWLRQVLQWKHUHODWLYHRULHQWDWLRQVRIWKH
VFDQVDUHRYHUFRPHEHFDXVHWKHH[WUDFWLRQRIWKHWUHHVWUXFWXUHLVSHUIRUPHGXVLQJVLQJOHPDSV
LQVWHDGRIDPHUJHGSRLQWFORXGRILQGLYLGXDOVFDQV7KHGLJLWL]HG'VNHOHWRQVDUHWUDQVIRUPHG
WR'VSDFHDQGIXUWKHUPRUHH[WUXGHG WR'PRGHOV$GGLWLRQDOO\ WR WKHPRGHOOLQJSURFHVVD
FODVVLILFDWLRQRI WKHSRLQWFORXG LQWR WZRFODVVHV VWHPEUDQFKHVQHHGOHVOHDYHV LVSHUIRUPHG
XVLQJDYR[HODSSURDFK7KHWUHHPRGHOVDUHDIXQGDPHQWDOLQSXWIRUWKLVFODVVLILFDWLRQ
7KH PHWKRG LV DSSOLHG WR D GHQVH 7/6 GDWDVHW DFTXLUHG LQ D PDQDJHG IRUHVW LQ 7KDUDQGW
*HUPDQ\$ERXWVFDQVZHUHFDUULHGRXWGXULQJWKHGDWDDFTXLVLWLRQWRPHDVXUHDSSUR[LPDWHO\
 VSUXFH DQG ILU WUHHV ZLWK PLQLPDO RFFOXVLRQV 7KH UHVXOWV GHPRQVWUDWH WKH IHDVLELOLW\ RI
H[WUDFWLQJ WUHH PRGHOV VHPLDXWRPDWLFDOO\ EDVHG RQ ' PDSV ZLWK D YHU\ KLJK GHJUHH RI
FRPSOHWHQHVV ,QFRPSDULVRQ WRRWKHUDSSURDFKHV WKHQXPEHURI UHFRQVWUXFWHG WUHHV LVKLJKHU
E\IDFWRUWKDQWKHQXPEHURIVFDQV7KHTXDOLW\DVVHVVPHQWZDVEDVHGRQDFRPSDULVRQRI
WKH SRLQW FORXG DQG WKH F\OLQGHU PRGHO¶V ' YLHZV DQG TXDQWLWDWLYH HYDOXDWLRQ 9LVXDO
DVVHVVPHQW VKRZHG GHYLDWLRQV LQ WKH RUGHU RI WKH PHDVXUHPHQW DFFXUDF\ DQG WUHH VXUIDFH
LUUHJXODULW\ 7KH H[WUDFWHG WUHHPRGHOV DUH XVHG WR VHW XS D YLUWXDO IRUHVW VFHQH IRU UDGLDWLYH
WUDQVIHUPRGHOOLQJ
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 1 
Relations between Airborne Laser Scanning-metrics and Lorenz curve 
descriptors for forest structure characterization

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Abstract 

/RUHQ] RUGHULQJ KDV EHHQ IRXQG WR EH D UHOLDEOH PHWKRG IRU GLVFULPLQDWLQJ HYHQ IURP
XQHYHQVL]HG IRUHVW DUHDV )RU WKLV UHDVRQ ZH FRQVLGHUHG XVLQJ *LQL &RHIILFLHQW *& DQG
/RUHQ]DV\PPHWU\6ZLWKWKHLQWHQWLRQRISURYLGLQJDELYDULDWHGHVFULSWLRQRIIRUHVWVWUXFWXUH
:H VXEVHTXHQWO\ FRQVLGHUHG WKDW D SUHGLFWLRQ RI WKLV UHVSRQVH E\ PHDQV RI $LUERUQH /DVHU
6FDQQLQJ$/6FDQSURYLGHZDOOWRZDOOFKDUDFWHUL]DWLRQRIIRUHVWVWUXFWXUH7KHILUVWVWHSZDV
FRQVHTXHQWO\ WR VWXG\ WKH UHODWLRQV EHWZHHQ $/6PHWULFV ZLWK WKLV UHVSRQVH ([SORUDWRU\
PXOWLYDULDWH DQDO\VLV ZDV FDUULHG RXW E\ IROORZLQJ D LQIRUPDWLRQWKHRUHWLF DSSURDFK IRU
PXOWLPRGHO LQIHUHQFH 00, DQG SDUWLDO OHDVW VTXDUHV 3/6 7KH H[SODLQHG YDULDQFH ZDV
VWXGLHGE\PHDQVRIWKHUHODWLYHYDULDEOHLPSRUWDQFHREWDLQHGLQWKH00,DYHUDJHGPRGHO7KH
GLIIHUHQWFRPSRQHQWVRISUHGLFWRUUHVSRQVHUHODWLRQVZHUHHYDOXDWHGIURPWKHZHLJKWVRIGLYHUVH
VLJQLILFDQW3/6ODWHQWYDULDEOHVDVZHOODVWKHRYHUDOOYDULDEOHLPSRUWDQFHSDUDPHWHU 

5HVXOWVVKRZHGWKHLPSRUWDQFHRIFRQVLGHULQJ/RUHQ]DV\PPHWU\IURPWKHSRLQWRIYLHZRIWKH
FRPELQHGHIIHFWRIGLIIHUHQFHV LQERWKVWHPGHQVLW\DQGEDVDODUHD UHODWLYH WRTXDGUDWLFPHDQ
GLDPHWHU 'J:LWK UHJDUGV WR WKH UHODWLRQ EHWZHHQ $/6PHWULFV DQG WKH *& RI LQHTXDOLW\
DPRQJWUHHGLDPHWHUVLWZDVGHPRQVWUDWHGWKDWYDULDEOHVH[SODLQLQJPRVWYDULDQFHZHUHFDQRS\
FRYHUDJH&RYSHUFHQWDJHRIUHWXUQVDERYHRQHPHWUHVWDQGDUGGHYLDWLRQ6'DOVRZLWKKLJK
OHYHOV RI UHODWLYH LPSRUWDQFH IRU WKH PD[LPXP 0D[ DQG WKH WHQWK SHUFHQWLOH 3 7KH
UHODWLYHDPRXQWRIEDVDODUHDVWRFNHGDERYH'JZDVPDLQO\UHODWHGZLWKWKH/PRPHQWUDWLRRI
NXUWRVLV /NXUWDQG6' LH WKH VKDSH DQGGLVSHUVLRQRI WKH$/6KHLJKWVKLVWRJUDP2Q WKH
RWKHUKDQGXVLQJFRPELQDWLRQVRIORZHUDQGKLJKHUSHUFHQWLOHV3DQG3ZDVWKHEHVWZD\
WRHVWLPDWHWKHSURSRUWLRQRIVWHPGHQVLW\DFFRXQWHGE\ WKH WUHHVRIGLDPHWHUELJJHU WKDQ'J
ZLWKDKLJKUHODWLYHLPSRUWDQFHDOVRIRUWKHFRQFHQWUDWLRQRI$/6KHLJKWV/ 

7KHVHUHVXOWVVXJJHVW WKDW$/6VXUYH\VFDQEHDUHOLDEOHPHWKRGIRUHVWLPDWLQJ WKHLQHTXDOLW\
DPRQJ WUHH VL]HV*& GLVFULPLQDWHG WKH XQHYHQVL]HG JURXSVZLWK KLJK VHSDUDELOLW\ IURP WKH
HYHQVL]HGSORWVWKHUHIRUHKDYLQJVPDOOSUREDELOLW\IRUFRQIXVLRQ6FDQEHXVHGDVDPHDQVRI
GLIIHUHQWLDWLQJ DUHDV VKRZLQJ D UHYHUVH -VKDSHG GLDPHWHU KLVWRJUDP DJDLQVW WKRVH KDYLQJ D
ELPRGDO GLVWULEXWLRQ 7KH RYHUDOO PHWKRG VHHPV UHOLDEOH IRU VWXG\LQJ WKH LUUHJXODU VSDWLDO
GLVWULEXWLRQRIVHYHUDO IRUHVWVWUXFWXUDO W\SHV2QHGUDZEDFNIRXQGZDV WKHGHSHQGHQF\RI WKH
UHVSRQVHRQWKHVFDOHXVHGDVWKHPHWKRGKDVDQLPSOLFLWELDVWRZDUGVFRQVLGHULQJDSORWPRUH
XQHYHQVL]HGZKHQLQFUHDVLQJLWVVL]H)XUWKHUUHVHDUFKVKRXOGWKHUHIRUHEHIRFXVHGRQHIIHFWVRI
SORWVL]HDQGWKHVSDWLDOUHVROXWLRQFRQVLGHUHGIRUDUHDEDVHGPHWKRGVLQ$/6IRUHVWLQYHQWRU\
6LOYL/DVHU6HSWHPEHU±9DQFRXYHU&DQDGD
 1 
Investigations on the orientation of terrestrial laser scanning point 
clouds in dense forests  

/RWKDU(\VQ:HUQHU0FNH&DPLOOR5HVVO0DUNXV+ROODXV5HLN/HLWHUHU
)UDQ]%ODXHQVWHLQHU	1RUEHUW3IHLIHU

9LHQQD8QLYHUVLW\RI7HFKQRORJ\,QVWLWXWHRI3KRWRJUDPPHWU\DQG5HPRWH6HQVLQJ
*XVVKDXVVWUDH9LHQQD$XVWULD>OHZPFDUPKQSIE@#LSIWXZLHQDFDW
8QLYHUVLW\RI=ULFK'HSDUWPHQWRI*HRJUDSK\5HPRWH6HQVLQJ/DERUDWRULHV
:LQWHUWKXUHUVWU&+=ULFK6ZLW]HUODQGUHLNOHLWHUHU#JHRX]KFK

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
Abstract 

9HJHWDWLRQVWUXFWXUHZDVLGHQWLILHGWRKDYHVLJQLILFDQWLQIOXHQFHRQWKHFRXUVHRIHQYLURQPHQWDO
SURFHVVHV )RU FRPSOH[ DSSOLFDWLRQV LQ HQYLURQPHQWDO FRQWH[W VXFK DV UDGLDWLYH WUDQVIHU
PRGHOOLQJ LQ IRUHVWV KLJKO\ GHWDLOHG DQG DFFXUDWH JHRPHWULF GHSLFWLRQ RI WKH YHJHWDWLRQ LV
DPRQJ WKH EDVLF UHTXLUHPHQWV WR HQVXUH DV UHDOLVWLF FRQGLWLRQV DV SRVVLEOH IRU WKHPRGHOOLQJ
DOJRULWKPV7HUUHVWULDOODVHUVFDQQLQJ7/6SURYLGHVUHOLDEOHPHDQVIRUFROOHFWLQJWKHUHTXLUHG
' LQIRUPDWLRQ IRU WKLV SXUSRVH (VSHFLDOO\ DW UDQJHV QRW LQ WKH LPPHGLDWH YLFLQLW\ RI WKH
YLHZSRLQWVWKHGLUHFW'FROOHFWLRQLVDGYDQWDJHRXVWRWKHLQGLUHFWDFTXLVLWLRQYLDSKRWRJUDSKV
GXHWRWKHPDQ\RFFOXVLRQVLQWKHIRUHVWHQYLURQPHQW6WXG\VLWHVLQGHQVHPRXQWDLQRXVIRUHVWV
SRVHDVSHFLDOFKDOOHQJHEHFDXVHRI WKHFRPSOH[LW\RI WKHWHUUDLQDQGWKHYHJHWDWLRQ'HWDLOHG
DSULRUL LQIRUPDWLRQ LV W\SLFDOO\ QRW DYDLODEOH DQG WKHUHIRUH WKH GHVLJQ RI WKH PHDVXUHPHQW
FDPSDLJQ RIWHQ KDV WR EH DUUDQJHG RQ WKH VSRW 8QGHUVDPSOLQJ RI WKH ORZ YHJHWDWLRQ DQG
PLQLPDORYHUODSEHWZHHQVFDQVIRUUHGXFHGWLPHFRQVXPSWLRQLQWKHILHOGDVZHOODVZLQGOLPLW
WKHXVHRI,&3DVRULHQWDWLRQPHWKRGRIFKRLFH3RVLWLRQLQJDQGVHWXSRIUHIHUHQFHWDUJHWVZKLFK
DUH WKHUHIRUH UHTXLUHG IRUPHUJLQJ WKH GDWD IURP GLIIHUHQW VFDQQLQJ SRVLWLRQV FDQ EHFRPH D
WHGLRXVDQGWLPHFRQVXPLQJWDVN 
:LWKLQWKLVVWXG\ZHFRPSDUHWZRGLIIHUHQWDSSURDFKHVIRUWKHRULHQWDWLRQRISRLQWFORXGVIURP
LQGLYLGXDOVFDQVDFTXLUHGZLWKDSKDVHVKLIWVFDQQHULQWZRGHQVHO\IRUHVWHGDUHDVLQ7KDUDQGW
*HUPDQ\ DQG/lJHUQ 6ZLW]HUODQG7KH VWXG\ DUHD LQ 6ZLW]HUODQG FRQVLVWV RI D VWHHS VORSHG
XQPDQDJHGIRUHVWZLWKYDULRXVWUHHVSHFLHV7KHVWXG\DUHDLQ*HUPDQ\FRQVLVWVRIDPDQDJHG
IRUHVWZLWKYHU\ROGVSUXFHDQGILUWUHHV$QHWZRUNRIUHIHUHQFHSRLQWVZDVVHWXSDQGPHDVXUHG
ZLWKDWRWDOVWDWLRQIRUHDFKVWXG\DUHDWRVHUYHDVEDVLVIRUWKHLQYHVWLJDWLRQV7KHVHUHIHUHQFH
QHWZRUNV FRQVLVWHG RI FRPPHUFLDOO\ DYDLODEOH SODQDU SUHFLVLRQ WDUJHWV DQG VHOIGHVLJQHG
VSKHULFDO WDUJHWV PDGH IURP OLJKWZHLJKW PDWHULDOV 7KHVH VSKHULFDO WDUJHWV KDYH FRQVLGHUDEOH
DGYDQWDJHVRYHUFRQYHQWLRQDORQHV'XHWRWKHLUVL]HDQGUHIOHFWLYHSURSHUWLHVWKHWDUJHWVIHDWXUH
LQFUHDVHG YLVLELOLW\ XQGHU OHDIRQ FRQGLWLRQV WKHLU VKDSH RIIHUV KLJK IOH[LELOLW\ IRU WKH
SRVLWLRQLQJ RI WKH ODVHU VFDQQHU DQG WKH\ DUH GHVLJQHG WR VWDQG DORQH 7KH\ FDQ EH ORFDWHG
DQ\ZKHUHZLWKRXWWKHQHHGWRPRXQWWKHPRQDQHDUE\WUHH7KHSODQDUWDUJHWVZKLFKGLVSOD\
LQGLYLGXDO EODFNDQGZKLWH SDWWHUQV ZHUH PRXQWHG RQ WUHHV 7KH ILUVW DSSURDFK XVHV DOO
DYDLODEOH VSKHULFDO WDUJHWV IRU RULHQWDWLQJ WKH LQGLYLGXDO VFDQV ,Q FRQWUDVW IRU WKH VHFRQG
PHWKRG WKH ODVHU VFDQQHU ZDV HTXLSSHG ZLWK WZR GLVWLQFW VWDQGDUG UHIOHFWRU SULVPV IRU
PHDVXUHPHQW ZLWK D WRWDO VWDWLRQ 7KLV VHWXS DOORZV GLUHFW JHRUHIHUHQFLQJ DQG RULHQWDWLRQ RI
HDFKLQGLYLGXDOO\DFTXLUHG7/6VFDQZLWKRXWWKHQHHGIRUUHIHUHQFHWDUJHWV  
%RWKPHWKRGVDUHFRPSDUHGRQWKHEDVLVRISUDFWLFDELOLW\RIGDWDDFTXLVLWLRQDVZHOODVUHODWLYH
DQG DEVROXWH JHRPHWULF DFFXUDF\ RI WKH UHVXOWLQJ SRLQW FORXGV 7KH VHW RI PRXQWHG SODQDU
SUHFLVLRQWDUJHWVLVXVHGIRUHYDOXDWLRQSXUSRVHV 

6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 1 
Detection of young regenerations in temperate forest areas attacked by 
bark beetle by exploiting airborne full-waveform LiDAR data  


:HL<DR3HWHU.U]\VWHN	0DUFR+HXULFK 

'HSDUWPHQWRI*HRLQIRUPDWLFV0XQLFK8QLYHUVLW\RI$SSOLHG6FLHQFHV0XQLFK
*HUPDQ\^\DR.U]\VWHN`#KPHGX
%DYDULDQ)RUHVW1DWLRQDO3DUN*UDIHQDX*HUPDQ\
PDUFRKHXULFK#QSYEZED\HUQGH


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
Abstract 

/L'$5 UHPRWH VHQVLQJ KDV EHHQ GHYHORSLQJ DV D SURPLVLQJ DGGLWLRQDO LQVWUXPHQW WR WKH
FRQYHQWLRQDOILHOGZRUNWRZDUGVIRUHVWLQYHQWRU\8QIRUWXQDWHO\XQGHUVWRU\WUHHVVXFKDVVPDOO
UHJHQHUDWLRQV LQ PXOWLOD\HUHG IRUHVW VWDQGV DUH RIWHQ LJQRUHG +RZHYHU ,QIRUPDWLRQ DERXW
SRVWGLVHDVHRUQDWXUDOIRUHVWUHJHQHUDWLRQDQGZLOOSURYLGHLQVLJKWRQG\QDPLFVRIIXWXUHVWDQG
FRPSRVLWLRQDQGVWUXFWXUH,QIRUPDWLRQDERXWWKHPZRXOGDOVREHYDOXDEOHWRZRRGSURFXUHPHQW
DQGELRGLYHUVLW\PDQDJHPHQW7KHUHIRUHDGHWDLOHGXQGHUVWDQGLQJRIWKHDYDLODELOLW\DQGVSDWLDO
GLVWULEXWLRQRIIRUHVWUHJHQHUDWLRQVLVUHTXLUHG

&XUUHQWO\ ILHOGEDVHG LQYHQWRU\ LV WKH SULQFLSDOPHDQV XVHG WR FROOHFW LQIRUPDWLRQ UHJDUGLQJ
UHJHQHUDWLRQVWDWXVVLQFHLW LVYHU\WLPHFRQVXPLQJDQGEDVHGRQSORWVDPSOLQJZKLFKLVRQO\
VSDUVHO\GLVWULEXWHG7KHIXOOZDYHIRUP/L'$5ZLWKKLJKSHQHWUDWLRQDELOLW\DJDLQVWRYHUVWRU\
FURZQVFDQJLYHXVQHZKRSH WRUHVROYH UHJHQHUDWLRQV ,Q WKLVZRUNZHZDQW WRH[DPLQH WKH
SRWHQWLDO RI WKH VPDOOIRRWSULQW IXOOZDYHIRUP ODVHU VFDQQHU IRU WKH PDSSLQJ RI IRUHVW
UHJHQHUDWLRQ LQ WHPSHUDWH PRXQWDLQ IRUHVWV ZKLFK DUH UHFRYHUHG IURP DQ DWWDFN IURP EDUN
EHHWOHV8VXDOO\WKHRYHUVWRU\SUHYHQWVIURPREWDLQLQJDZDOOWRZDOOVDPSOHRIXQGHUVWRU\DQG
ODVHUPHDVXUHPHQWV DUH VXEMHFW WR WUDQVPLVVLRQ ORVVHV 7KHUHIRUH GLVFULPLQDWLQJ EHWZHHQ WKH
FURZQVRIGRPLQDQWDQGVXSSUHVVHGWUHHV LQ/L'$5SRLQWFORXGV LVYHU\FKDOOHQJLQJIRUERWK
WKHVHQVRUWHFKQRORJ\DQGPHWKRGRORJ\ 

7KLV SDSHU LV WR SUHVHQW DQ DXWRPDWLF VWUDWHJ\ IRU LQIHUULQJ WKH VSDWLDO GLVWULEXWLRQ RI
UHJHQHUDWLRQVLQDVWUXFWXUDOO\LQKRPRJHQHRXVIRUHVWDUHDE\H[WUDFWLQJ'LQGLYLGXDOWUHHVIURP
DLUERUQH/L'$5GDWD5HJHQHUDWLRQWUHHVDUHREWDLQHGEDVHGRQFODVVLI\LQJWKHVLQJOHWUHHVZLWK
REMHFWOHYHO IHDWXUHVZKLFK DUH GHWHFWHG E\ ' QRUPDOL]HG FXW VHJPHQWDWLRQ 7KH UHIHUHQFHG
GDWDIRU UHJHQHUDWLRQVZHUHPDQXDOO\HLWKHUFURSSHGRXW IURPRUPDUNHG LQYHU\KLJKGHQVLW\
7/6GDWDRIWKHVDPHVLWHVZKLFKDUHGHHPHGWREHDGHTXDWHIRUVHUYLQJDVJURXQGWUXWK:H
DSSOLHG WKH VWUDWHJ\ WR WZR VDPSOH SORWV DFTXLUHG XQGHU OHDIRQ DQG OHDIRII FRQGLWLRQV DQG
YDOLGDWHWKHUHVXOWVE\WZRGLIIHUHQWPHWKRGVVLQJOHWUHHEDVHGDQGDUHDEDVHGHYDOXDWLRQV7KH
VLQJOHWUHHHYDOXDWLRQLVSHUIRUPHGEDVHGRQVLQJOHWUHHOHYHOE\ILQGLQJPDWFKHGWUHHVHJPHQWV
LQWKHUHIHUHQFHZKLOHWKHDUHDEDVHGHYDOXDWLRQLVSHUIRUPHGE\DUHDSL[HOZLVHPHWHUJULG
FHOO FRPSDULQJ WKH GHWHFWHG UHJHQHUDWLRQV WR WKH JURXQG WUXWK LQ WKH KRUL]RQWDO [\
GLPHQVLRQV 

:HDVVHVVHGWUHHUHJHQHUDWLRQLQFHQWUDO(XURSHPL[HGVSUXFHVWDQGVDQGH[SHULHQFHGPRUHWKDQ
 RYHUVWRU\ PRUWDOLW\ GXH WR EDUN EHHWOHV :H SUHVHQWHG UHVXOWV WKDW VKRZ GLIIHUHQFHV LQ
SHUIRUPDQFHEHWZHHQWZRYDOLGDWLRQPHWKRGVWKDWXVHGLIIHUHQWUHIHUHQFHGDWDDQGFRPSDULVRQ
PHFKDQLVPV)RUERWK WHVW VLWHVZHKDYHREWDLQHGD GHWHFWLRQ UDWHRIXS WR DSSUR[ZLWK
 IDOVH DODUPV EDVHG RQ VLQJOHWUHH HYDOXDWLRQ +RZHYHU ZKHQ XVLQJ WKH DUHDZLGH
HYDOXDWLRQZHKDYHDFKLHYHGDQLPSURYHGUHVXOWQDPHO\XSWRQHDUO\IRUWKHGHWHFWLRQUDWH
ZLWKIDOVHDODUPV

7RWKHEHVWRIRXUNQRZOHGJHWKLVVWXG\PDGHWKHLQLWLDODWWHPSWWRFKDUDFWHUL]HWKHGLVWULEXWLRQ
RI ' LQGLYLGXDO UHJHQHUDWLRQV LQ KHWHURJHQHRXV IRUHVWV IURP DLUERUQH /L'$5 DQG KDV
GHPRQVWUDWHGIRUWKHILUVWWLPHWKHIHDVLELOLW\RIVLQJOHWUHHGHWHFWLRQIURPUHPRWHO\VHQVHGGDWD
IRUIRUHVWUHJHQHUDWLRQDQDO\VLV






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FORXGV DQGRU UHTXLUH D SUHYLRXV NQRZOHGJH DERXW FURZQ VKDSHV $OWKRXJK WKHVH
DSSURDFKHV DUH YHU\ UREXVW IURP D WKHRUHWLFDO SHUVSHFWLYH WKH\ PLJKW EH WRR
FRPSOLFDWHGIRUVWDQGDUGLQYHQWRULHV'LIIHUHQWUHVHDUFKHUVKDYHHVWLPDWHGGLDPHWHUDW
EUHDVW KHLJKW GLVWULEXWLRQV XVLQJ WKH ZHOO NQRZQ $UHD %DVHG $SSURDFK 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 DQG
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VWXG\ KDV EHHQ DSSOLHG IRU HVWLPDWLQJ 7+' 7KH DLP RI WKLV VWXG\ LV DQDO\]LQJ WKH
SHUIRUPDQFHRIWZRGLIIHUHQW$%$PHWKRGVIRUHVWLPDWLQJ7+'V7KHILUVWPHWKRG0
GLUHFWO\ HVWLPDWHV WKH QXPEHU RI VWHPV LQ ILYH KHLJKW LQWHUYDOV 7KH VHFRQG RQH0
UHFRYHUV7+'SDUDPHWHUV IURPHVWLPDWHVRI VWDQGGHQVLW\1DQGPHDQDQG'RPLQDQW
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ȕ7KHREWDLQHG7+'VZHUHVFDOHGWRWKHHVWLPDWHG1DQGGLVFUHWL]HGLQWKHPHQWLRQHG
LQWHUYDOV7KHVH7+'VZHUHDOVRFRPSDUHGWR0D[LPXP/LNHOLKRRG0/HVWLPDWHV
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Abstract  

5HFHQW DGYDQFHV LQ QRQOLQHDU ILEHU RSWLFV KDYH OHG WR WKH GHYHORSPHQW DQG FRPPHUFLDO
DYDLODELOLW\RIH[WUHPHO\EURDGEDQGODVHUVRXUFHV7KHQXPEHURIDSSOLFDWLRQVKDVLQFUHDVHGLQ
WKHUHFHQW\HDUVLQHJELRPHGLFDORSWLFVRUFKHPLFDODQDO\VLV&RPELQHGZLWKDK\SHUVSHFWUDO
WLPHRIIOLJKW VHQVRU WKH VXSHUFRQWLQXXP ODVHU VRXUFHV FDQ EH XVHG IRU VLPXOWDQHRXV
PHDVXUHPHQWRIGLVWDQFHDQGUHIOHFWDQFHVSHFWUXPZKLFKKDVEHHQWKHEDVLVIRUDSURWRW\SHIXOO
ZDYHIRUP DFWLYH K\SHUVSHFWUDO /L'$5 GHYHORSHG DW WKH )LQQLVK*HRGHWLF ,QVWLWXWH:H KDYH
LQYHVWLJDWHG WKH SRWHQWLDO RI WKLV QRYHO LQVWUXPHQW IRU UHPRWH VHQVLQJ DSSOLFDWLRQV VXFK DV
PDSSLQJ WUHHVSHFWUDO LQGLFHVIURPK\SHUVSHFWUDO'SRLQWFORXGV2XUSURWRW\SHFDQPHDVXUH
ERWKWKHUDQJHDQGWKHVSHFWUDOLQIRUPDWLRQIURPDVLQJOHODVHUSXOVH7KHVSHFWUDFDQEHXVHGLQ
YLVXDOL]DWLRQDQGDXWRPDWHGFODVVLILFDWLRQRI WKH ODVHUVFDQQHUSRLQWFORXGDQG WKHUHWULHYDORI
VSHFWUDO LQGLFHV DQG WDUJHW SK\VLFDO SURSHUWLHV $W WKLV VWDJH WKH LQVWUXPHQW RSWLPL]HG IRU
VKRUWUDQJHWHUUHVWULDODSSOLFDWLRQV
,Q WKLV SDSHUZH SUHVHQW DQ DSSOLFDWLRQ RI WKLV QRYHO WHFKQLTXH LQWR WKHPHDVXUHPHQW RI '
GLVWULEXWLRQRIFKORURSK\OOLQGH[ZLWKLQDWUHHFDQRS\:HKDYHFDOFXODWHGPRGLILHGFKORURSK\OO
DEVRUSWLRQ UDWLR LQGH[ 0&$5, IURP WKH VSHFWUDO SRLQW FORXG WR JLYH XV DQ LQGLFDWLRQ DERXW
KRZWKHFKORURSK\OOLVGLVWULEXWHGZLWKLQWKHWUHHFDQRS\&KORURSK\OOJLYHVDQLQGLFDWLRQDERXW
WKHSKRWRV\QWKHVLVDFWLYLW\DQGWKHQXWULWLRQVWDWHRIWKHWUHHWKXVDOORZLQJKHDOWK\EUDQFKHVWR
EH GHWHFWHG IURPEUDQFKHV LQ SRRU VWDWH$GGLWLRQDOO\PXOWLWXGH RI RWKHU VSHFWUDO LQGLFHV FDQ
VLPLODUO\ FDOFXODWHG IURP WKH GDWDVHW WR VKRZHJ KRZ WKHPRLVWXUH FRQWHQW YDULHV LQVLGH WKH
WDUJHW 
:HKDYHWHVWHGWKLVPHWKRGRQWZRVSHFLHVRIFRQLIHURXVWUHHVVFRWVSLQH3LQXVV\OYHVWULVDQG
1RUZD\VSUXFH3LFHDDELHVZLWKVSHFLPHQRIHDFKPHDVXUHGLQVLGHODERUDWRU\6DPSOHVRI
HDFKWUHHZHUH WDNHQDQG WKHFKORURSK\OOFRQWHQWRIWKHVHVDPSOHVZDVPHDVXUHG  9DOLGDWLRQ
ZDVFDUULHGRXWE\PHDQVRIWUDGLWLRQDOODERUDWRU\PHDVXUHPHQWVRIFKORURSK\OOFRQWHQW

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Abstract 

,QRXU UHVHDUFKJURXSKDGD$FDGHP\RI)LQODQGSURMHFW³,PSURYLQJ IRUHVW VXSSO\
FKDLQ E\PHDQV RI DGYDQFHG ODVHUPHDVXUHPHQWV´ /LPSDFW DQG LQ ZH KDYH DQ
RQJRLQJ SURMHFW ³6FLHQFH DQG WHFKQRORJ\ WRZDUGV SUHFLVLRQ IRUHVWU\´  3UHFLVH)RU  'XULQJ
WKHVHSURMHFWVQHZPHWKRGRORJLHVKDYHGHYHORSHGLQWKHILHOGVRIODVHUVFDQQLQJWHFKQRORJ\DQG
IRUHVWU\ DSSOLFDWLRQV  ,Q/LPSDFW DQG3UHFLVH)RUSURMHFWV RXU JURXSKDV SXEOLVKHG RYHU 
VFLHQWLILFSDSHUV2XU UHVHDUFKKDV IRFXVHGRQQRYHO WHFKQRORJLHVPHWKRGV DQGDOJRULWKPV LQ
DLUERUQH  WHUUHVWULDO DQGPRELOH ODVHUVFDQQLQJ$/67/60/6LQFOXGLQJ8$9:HKDYH
GHYHORSHG EH\RQG VWDWHRIDUW DSSOLFDWLRQV IRU IRUHVW LQYHQWRU\ PRQLWRULQJ PDSSLQJ
PDQDJHPHQWDQGSODQQLQJ2XUVFDOHKDVYDULHG IURP WUHHOHYHO WR ODUJHDUHDDSSOLFDWLRQV ,Q
WKLV SRVWHU ZH VXPPDUL]H VRPH KLJKOLJKWV RI WKH /LPSDFW DQG 3UHFLVH)RU SURMHFWV GXULQJ
LQFOXGLQJXQFHUWDLQWLHVLQIRUHVWPDQDJHPHQWSODQQLQJFDOFXODWLRQVQRYHOLQGLYLGXDO
WUHH GHWHFWLRQ PHWKRGV DFFXUDF\ RI 7/6 DQG 0/6 LQ WUHH PDSSLQJ DQG IXVLRQ RI '
LQIRUPDWLRQ GHULYHG IURP $/6 DQG 6$5 UDGDUJUDPPHWU\ HJ +RORSDLQHQ HW DO DEF
+\\SSlHWDO.DUMDODLQHQHWDO/LDQJHWDO/LQHWDO9DVWDUDQWDHWDO
DE<XHWDO
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Abstracts 
 
Light Detection and Ranging (LiDAR) is becoming an important tool in forestry around the world due to 
its ability to accurately estimate forest structure variables and biophysical properties. In this study, we 
demonstrate the application of airborne LiDAR technology, using regression models, to estimate forest 
structural metrics and biomass components for a forest farm in Jiangsu province, China.  
In June - July, 2012, 45, 30 x 30m plots in Yushan forest farm, Jiangsu province, China were established, 
which is a typical Northern sub-tropical hilly secondary forest in the Middle-lower Yangtze plain. The 
plots are located in homogeneous forest stands of Masson pine(Pinus massoniana), Chinese 
fir(Cunninghamia lanceolata), Sweetgum(Liquidambar formosana), German oak(Quercus acutissima), 
and so on, resulting in three broad vegetation types: coniferous (10 plots), broadleaf (13 plots) and mixed 
(22 plots). At each plot  DBH and tree height were measured and plot-level summaries such as basal area, 
Lorey's mean height, as well as biomass components (including stem, branch and foliage biomass) 
calculated using local algometric equations. 
A suite of statistical models based on LiDAR-derived percentiles were developed to predict the  biomass 
components; and tests undertaken to assess the accuracy and improvement of LiDAR-derived biomass 
model compared with ground-survey based empirical biomass model. 
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Abstract 
 
Numerous methods have been proposed for the detection of single trees in airborne laser 
scanning (ALS) data. Most of them are highly dependent on the initial settings of the algorithm, 
as parameters (e.g. smoothing of the digital canopy height model) will affect the overall 
detection performance, and more particularly the trade-off between omission and commission 
errors. To tackle this issue, the use of prior information about the forest stand is possible when 
ground truth for the area is available. Alternatively, adaptive parametrization in the course of the 
detection procedure requires more complex algorithms which might have trouble when 
processing large areas.  
 
In this article a procedure for automated parametrization is presented. It is based on the 
unsupervised training of the detection algorithm with reference forest plots including 
coregistered field and ALS data. The local maxima filtering algorithm is adopted as it is simple 
and fast. The training step consists in evaluating the detection performance of the algorithm on 
the reference plots for several parameter combinations. Detection quality is evaluated as a 
trade-off between the number of correctly detected trees and the number of false detections. 
When trees are to be detected in a newly surveyed area, two possibilities for algorithm 
parametrization are compared. The first option is to use the parameter combination that is the 
more robust when used on the training set (“average” setting). The second option is to use the 
combination that yields the best detection on the ALS point cloud from the training set that best 
resembles the new data. The matching criterion is based on the Fourier spectrum of the canopy 
height model computed from the point cloud.  
 
26 forest plots located in seven different ALS surveys of mountainous areas are used to test the 
workflow. Plots have a minimum area of 0.25 ha and represent various stand structures and tree 
species. To compare the two parametrization options and evaluate their sensitivity to the 
training set size (number of reference plots), a cross validation procedure based on repetitive 
sampling of the training set among the available 26 plots is performed. Results show that for 
training sets with less than 15 plots, the “average” setting performs better, whereas with training 
sets larger than 20, the matching procedure yields better detection performance. 
 
This method for unsupervised training is quite flexible as it can be used with any detection 
algorithm that requires initial parametrization. Moreover, the detection performance criterion 
can be modified in order to reflect the end-user preference regarding detection results. This 
study is an example of how single tree methods can benefit from an area-based analysis. Further 
work should investigate whether metrics usually computed for area-based methods (e.g. height 
quantiles) could also improve the point cloud matching. 
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Estimation of crown volume from airborne lidar data using alpha 
shapes 
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Abstract 

&URZQ YROXPH &9 LV QHHGHG LQPDQ\ WKHRUHWLFDO IRUHVWPRGHOV7KH SUREOHP LV WKDW GLUHFW
PHDVXUHPHQW RI &9 DQG FURZQ VKDSH LV GLIILFXOW XVLQJ FRQYHQWLRQDO ILHOG PHWKRGV DQG
WKHUHIRUHDOORPHWULFUHODWLRQVKLSVDQGVLPSOHJHRPHWULFDOVKDSHVDUHFRPPRQO\XVHG+RZHYHU
DLUERUQHOLGDUVDQGPHWKRGVRIFRPSXWDWLRQDOJHRPHWU\HQDEOHGLUHFWFDOFXODWLRQRI LQGLYLGXDO
FURZQ SURSHUWLHV IURP WKH ' WULDQJXODWLRQ RI WKH OLGDU SRLQW FORXG 2XU REMHFWLYH ZDV WR
FRPSDUH WKH &9V REWDLQHG WKLV ZD\ ZLWK ILHOGPHDVXUHG YDOXHV 7KH ILHOG GDWD LQFOXGHG 
6FRWVSLQHV 1RUZD\ VSUXFHV DQGVLOYHUELUFKHV LQ+\\WLlOl)LQODQG7KH FRQWURO&9V
ZHUHREWDLQHGE\PHDVXULQJWKHFURZQUDGLLDWGLIIHUHQWKHLJKWVXVLQJDVSHFLILFLQVWUXPHQWWKH
DQJOHPHDVXUHU ,W LVD7VKDSHGVWLFNZKLFKKDVDQDQJXODUVFDOHZLWKRQHGHJUHHUHVROXWLRQ
(DFKWUHHZDVPHDVXUHGIURPWZRSHUSHQGLFXODUGLUHFWLRQVVRIRXUSURILOHVZHUHDYDLODEOHSHU
WUHH7KH&9ZDVFDOFXODWHGE\LQWHJUDWLQJWKHLQGLYLGXDOOLQHVHJPHQWVDVVROLGVRIUHYROXWLRQ
DQGDYHUDJLQJWKHGHULYHGYROXPHV

$GLJLWDOVXUIDFHPRGHO'60GHVFULELQJFDQRS\KHLJKWZDVFUHDWHGIURPWKHOLGDUGDWD7KHQ
WKHWUHHVZHUHGHWHFWHGIURPWKH'60XVLQJZDWHUVKHGVHJPHQWDWLRQ7KHVHJPHQWVZHUHXVHG
DVDEDVLV IRULQWHUVHFWLQJ WKHHFKRHVEHORQJLQJ WRWKHFURZQEXW WKHILQDOHFKRVHOHFWLRQZDV
GRQHPDQXDOO\DV VRPHRI WKH VHJPHQWVKDGXQUHDOLVWLF VKDSHVRUFRQWDLQHGVHYHUDO WUHHV$Q
DXWRPDWHGPHWKRGIRUGHWHFWLQJWKHKHLJKWRIWKHFURZQEDVH&%+ZDVDSSOLHGWRRPLWHFKRHV
IURP WKHJURXQGDQG WKHXQGHUVWRU\$OWHUQDWLYHO\ WKH ILHOGPHDVXUHG&%+ZDVXVHGDVSULRU
LQIRUPDWLRQWRHOLPLQDWHWKLVHUURUVRXUFH)LQDOO\WKH&9ZDVH[WUDFWHGIURPWKHWULDQJXODWLRQ
RIWKHSRLQWGDWDXVLQJ'DOSKDVKDSHDQG'FRQYH[KXOOWHFKQLTXHV

7KH OLGDUGHULYHG &9V ZHUH JHQHUDOO\ VPDOOHU WKDQ WKH ILHOGEDVHG HVWLPDWHV 7KH EHVW
FRUUHVSRQGHQFHZLWK WKH ILHOGPHDVXUHG&9ZDV REWDLQHG XVLQJ WKH FRQYH[ KXOO RI WKH SRLQW
GDWDDQGILHOGPHDVXUHG&%+506(ELDV,QDQDWWHPSWWRGHVFULEHWKHFURZQV
LQPRUHGHWDLOZHDOVRXVHGSVHXGRRSWLPDODOSKDYDOXHDVDVL]HFULWHULRQIRUWKHFHOOVRI WKH
WULDQJXODWLRQEXWWKLVZD\WKH&9ZDVXQGHUHVWLPDWHGPRUHFRQVLGHUDEO\506(ELDV
 7KH &%+ ZDV XVXDOO\ RYHUHVWLPDWHG IURP WKH OLGDU 506(  ELDV 
HVSHFLDOO\ IRU VSUXFHV WKDWKDG ORQJFURZQV7KXVXVLQJ WKH OLGDUGHULYHG&%+DOVR LQFUHDVHG
WKHELDVRIWKH&9HVWLPDWHVFRQYH[KXOO506(SVHXGRRSWLPDODOSKD506(
1HYHUWKHOHVV WKH UHVXOWV LQGLFDWH WKDW LI WKH HFKRHVEHORQJLQJ WR WKH FURZQFDQEHGHOLQHDWHG
FRUUHFWO\WKHFURZQYROXPHFDQEHGLUHFWO\HVWLPDWHGIURPWKHOLGDUSRLQWFORXG2QHUHDVRQIRU
WKH IUHTXHQW XQGHUHVWLPDWLRQZDV WKDW WKH DQJOHPHDVXUHU UHFRUGHG WKH H[WUHPH HGJHV RI WKH
FURZQHQYHORSHZKLOHOLGDUHFKRHVXVXDOO\SHQHWUDWHVOLJKWO\LQWRWKHFURZQDQGGRQRWUHOLDEO\
PDSWKHH[WUHPHGLPHQVLRQV$OVRWKHQXPEHURIHFKRHVZDVRIWHQLQDGHTXDWHLQWKHORZHUSDUWV
RIWKHFURZQV 
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Invention of a method to use airborne LiDAR intensity and DCHM 
data for forest type classification 
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Abstract  
$HULDOSKRWRJUDSKLVDGDWDVRXUFHZLGHO\XVHGIRUYHJHWDWLRQDQDO\VLV7KHUHDUHWZRPHWKRGV
IRULPDJHDQDO\VLV±PDQXDOLQWHUSUHWDWLRQE\KXPDQH\HVDQGDXWRPDWLFFODVVLILFDWLRQE\XVLQJ
VRIWZDUH )URP WKH SRLQW RI YLHZ RI ZRUN HIILFLHQF\ DXWRPDWLF FODVVLILFDWLRQ LV SUHIHUDEOH
+RZHYHU DHULDO SKRWRJUDSK LV QRW VR VXLWDEOH IRU DXWRPDWLF FODVVLILFDWLRQ RI YHJHWDWLRQ 7KH
UHDVRQLVEHFDXVHHYHQLIYHJHWDWLRQW\SHLVWKHVDPHLWVWRQHDSSHDUHGRQSKRWRJUDSKLFLPDJH
LV QRW KRPRJHQHRXV LI LPDJH FDSWXUH GDWH VORSH GLUHFWLRQ RU VORSH DQJOH LV GLIIHUHQW 7KLV
SUREOHP RFFXUV EHFDXVH DHULDO SKRWRJUDSK\ FDSWXUHV HQHUJ\ RI VXQ OLJKW UHIOHFWHG E\ HDUWK
VXUIDFH REMHFWV 5HFHQWO\ /L'$5 LV ZLGHO\ XVHG LQ WKH PHDVXUHPHQW RI HDUWK VXUIDFH
XQGXODWLRQV LQ GHWDLO 'DWD UHFRUGHG E\ /L'$5 VHQVRU DUH QRW DIIHFWHG E\ WKH VWUHQJWK RI
UHIOHFWHG VXQ OLJKWV /L'$5XVHV ODVHU EHDP WR VFDQ WKH HDUWK VXUIDFH DQG LWV EHDP LV LQ WKH
VSHFWUXPUDQJHRIQHDULQIUDUHGZLWKQPZDYHOHQJWK%HFDXVHRIWKLVZDYHOHQJWKWKHUHLV
DSRVVLELOLW\ WKDW LQWHQVLW\RI UHIOHFWHG ODVHUSXOVHFDQEHXVHG WRFODVVLI\YHJHWDWLRQ W\SHV ,Q
WKLV SDSHU ZH GHYLVH /DVHU )RUHVW 7\SH ,PDJH ZKLFK LV XVHG DV DQ DOWHUQDWLYH WR DHULDO
SKRWRJUDSK DQG FODULI\ WKH FKDUDFWHULVWLFV RI /DVHU )RUHVW7\SH ,PDJH2XU VWXG\ DUHD LV WKH
IRUHVWHG DUHD RI6DJD3UHIHFWXUH -DSDQZKLFK FRYHUV DSSUR[LPDWHO\ NP/L'$5GDWD
DFTXLVLWLRQZDV FRQGXFWHG LQ WKH VXPPHU RI  DW  SRLQWVP SRLQW GHQVLW\ /DVHU )RUHVW
7\SH ,PDJH LVJHQHUDWHGE\FRPELQLQJ WKUHHNLQGVRI/L'$5GDWD7KH\DUH  LQWHQVLW\RI
ODVHU SXOVH  '&+0 'LJLWDO &DQRS\ +HLJKW 0RGHO FDOFXODWHG IURP GLIIHUHQFH EHWZHHQ
'&60'LJLWDO&DQRS\6XUIDFH0RGHODQG'70'LJLWDOWHUUDLQ0RGHODQGFDQRS\VKDSH
GHULYHGIURP'&+0$FFRUGLQJWRSXEOLVKHGUHVHDUFKSDSHUVODVHUSXOVHLQWHQVLW\RISLQHDQG
VSUXFHLVGLIIHUHQW,QRXURZQILHOGVXUYH\LWZDVIRXQGWKDWWKHGLIIHUHQFHLQWKHLQWHQVLW\RI
ODVHUSXOVHLVUHODWHGWRWKHGLIIHUHQFHLQWKHVL]HRIOHDYHDUHDVXFKDV/$,7KHQ/DVHU)RUHVW
7\SH,PDJHZDVFRORUHGVRWKDWWKUHHW\SHVRIVSHFLHV±-DSDQHVHFHGDU-DSDQHVHF\SUHVVDQG
RWKHUVFDQEHLGHQWLILHG/DVHU)RUHVW7\SH,PDJHLVVXLWDEOHIRUDXWRPDWLFFODVVLILFDWLRQEHFDXVH
WRQH RI ODQG FRYHU LV KRPRJHQRXV UHJDUGOHVV RI GDWH RI GDWD FDSWXUH VORSH DQJOH RU VORSH
GLUHFWLRQLIODQGFRYHUW\SHLVWKHVDPH)XUWKHULQFDVHRI/DVHU)RUHVW7\SH,PDJHYHJHWDWLRQ
LVGLVSOD\HGLQZLGHUVSHFWUXPRIFRORUFRPSDUHGWRDHULDOSKRWRLQZKLFKYHJHWDWLRQLVVKRZQ
EDVLFDOO\LQJUHHQFRORUVRQO\$VDWHVWRIDXWRPDWLFFODVVLILFDWLRQODQGFRYHUFODVVLILFDWLRQZDV
GRQHE\DQREMHFWEDVHGPHWKRGXVLQJH&RJQLWLRQ7DUJHWVRIWKHFODVVLILFDWLRQZHUH-DSDQHVH
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Abstract 
 
Trees act as an important link in the forest water balance as they effectively intercept, store and 
transfer water in the canopy-soil interface. Precipitation is intercepted by tree crowns and is 
evaporated directly back to the atmosphere or is transferred to the ground by canopy throughfall or 
stemflow. These water fluxes are important as they influence ground water regeneration. However, 
ground surveys of forest water balance are costly and cover mostly limited plot sizes. At larger 
scale studies of the forest water balance it is thus desired to integrate forest vegetation composition 
and retain a detailed physical description of the trees as this has a pronounced impact on the forest 
water fluxes. 
In this study we investigate how canopy structural properties derived from airborne laser scanner 
(ALS) data are related to canopy throughfall in mono conifer and broadleaf forests. We use ALS 
data collected for Denmark in 2006/2007 and simultaneous manual canopy throughfall 
measurements at selected tree species trial sites. The sites we investigate are distributed all over the 
country and encompass three conifer and five broadleaf tree species. With these data we capture a 
broad range of growing conditions and the effect of different tree species as they can have different 
canopy and leaf structures. 
From the 3D point cloud of the ALS data we derive height and density metrics. These metrics 
include height percentiles, maximum and mean height, the proportion of ground hits and the 
proportion of hits in different height layers of first and last pulse data. These metrics are used to 
assess the vertical structure of canopies as canopy base height and crown length. Combining the 
field measurements of canopy throughfall as a proportion of bulk precipitation and independent 
ALS metrics we derive a linear regression model that best predicts the observations. Our results 
point to that using simple ALS metrics a realistic estimate of canopy throughfall can be assessed 
given that the total precipitation is known. These findings open up for more detailed applications in 
remote sensing and water resource management as the effects of forest types and tree species 
composition on water balances in a catchment scale context can be derived without costly ground 
surveys. 
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Abstract  
 
Accurate measures of the forest structural parameters and monitoring their changes over time is 
essential to forest inventory, managing wildfires and modelling of carbon cycle. Several studies 
have showed that terrestrial scanning lidar (light detection and ranging) has proved to be 
accurate in estimating a suite of forest structural parameters such as tree height, crown width, 
and diameter at breast height (DBH). However, the potential of this technology to monitor 
forest growth with multi-temporal datasets remains untested. The overall aim of this study was 
to develop the methodology for analysing multitemporal lidar data sets acquired using a 
terrestrial lidar scanner for a plot of post oak trees at the Ecosystem Science and Management 
(ESSM) range area, College Station, Texas. Leaf-on and leaf-off scans were conducted using 
Leica Scanstation-2 3D laser scanner in 2010 and 2012 respectively, from either sides of the 
plot of post oak trees. Specific objectives were to: co-register multitemporal scans together; 
extract individual tree measurements such as tree height and DBH; analyse differences observed 
for the DBH; analyse differences between scans using a height bins and a voxel method; 
compare differences in the vertical structure and tree height at plot-level and individual tree 
level. In additional to comparing the multi-temporal lidar datasets, the method for extracting 
tree height and DBH was tested on one time terrestrial lidar datasets for nine plots of loblolly 
pines in Huntsville, TX. Plot-level minimum height, maximum height, mean height, standard 
deviation and percentiles were calculated and compared between the years. Cylinders were 
fitted to the 1.2-1.4 m height bin to retrieve DBH. Range rings were created for each stem; and a 
z polygon was traced to find the highest point, which resulted in the tree height for individual 
trees. The DBH estimated from lidar data for post oak trees ranged from 0.3-0.6 m, which were 
consistent with the results from USDA Forest Service. The average tree height decreased from   
6.162 m in 2010 to 6.105 m in 2012. Lidar measurements were also validated against the field 
measurements using regression. The overall results of this study indicate that terrestrial 
scanning lidar is a promising technology for monitoring forest growth at individual tree level.  
 
Keywords: terrestrial scanning lidar, multi-temporal, co-register, DBH, height bins, tree height 
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Abstract

$LUERUQH OLGDUGHULYHGPHWULFV KDYH EHHQ VXFFHVVIXOO\ XVHG DV VXUURJDWHV IRU WUDGLWLRQDO JURXQG
EDVHGIRUHVWELRSK\VLFDOPHDVXUHPHQWVVXFKDVDERYHJURXQGELRPDVV7\SLFDOO\KHLJKWPHWULFVDUH
FRPSDUHGZLWKJURXQGEDVHGHVWLPDWHVRI IRUHVWDERYHJURXQGELRPDVVJHQHUDWHGXVLQJDOORPHWULF
HTXDWLRQV ,Q WKH8QLWHG6WDWHVERWKQDWLRQDODQG UHJLRQDOOHYHODOORPHWULFHTXDWLRQVDUHXVHG WR
SURYLGH HVWLPDWHV RI IRUHVW DERYHJURXQG ELRPDVV 6LQFH QDWLRQDOOHYHO ELRPDVV HTXDWLRQV DUH
JHQHUDOL]HG WR EH HTXDOO\ DSSOLFDEOH DFURVV WKH QDWLRQ UHVXOWLQJ ELRPDVV HVWLPDWHV H[KLELW ODUJHU
XQFHUWDLQWLHV WKDQ HVWLPDWHV GHULYHG IURP UHJLRQDOOHYHO HTXDWLRQV ,W LV LPSRUWDQW WR TXDQWLI\ WKH
GLIIHUHQFHV EHWZHHQ QDWLRQDO DQG UHJLRQDOOHYHO ELRPDVV HVWLPDWHV DQG XQGHUVWDQG KRZ WKHVH
GLIIHUHQFHV DIIHFW UHJUHVVLRQ PRGHOV XVHG WR HVWLPDWH DERYHJURXQG ELRPDVV IURP DLUERUQH OLGDU
PHWULFV7KLVVWXG\VHHNVWRH[SDQGRQSUHYLRXVZRUNZKLFKXWLOL]HG3DFLILF1RUWKZHVW)RUHVW
,QYHQWRU\DQG$QDO\VLV3URJUDP),$KHFWDUHSORWVU PDQGQDWLRQDOOHYHODERYHJURXQG
ELRPDVV HTXDWLRQV WR HVWLPDWH SORWOHYHO DERYHJURXQG ELRPDVV LQ HDVWHUQ 2UHJRQ 1DWLRQDO DQG
UHJLRQDOOHYHO ELRPDVV HTXDWLRQV ZHUH XVHG WR HVWLPDWH PHDQ SORWOHYHO DERYHJURXQG ELRPDVV
XWLOL]LQJWKHIRXU),$VXESORWVLQVLGHHDFK),$KHFWDUHSORWIRUHDFKRIWKHSUHYLRXVO\XVHG),$
ORFDWLRQV $LUERUQH OLGDUPHWULFV DQG ERWK VHWV RI DERYHJURXQG ELRPDVV HVWLPDWHV ZHUH XVHG DV
LQSXWV IRU VLPSOH OLQHDU UHJUHVVLRQ DQG PXOWLSOH UHJUHVVLRQ PRGHOV 7KH UHVXOWLQJ PRGHOV ZHUH
FRPSDUHG 7KH 8QLWHG 6WDWHV )RUHVW 6HUYLFH )RUHVW 9HJHWDWLRQ 6LPXODWRU VRIWZDUH )96 ZDV
XWLOL]HG WR PRGHO WUHH JURZWK DW DOO ),$ ORFDWLRQV ZLWKLQ WKH VWXG\ DUHD ZKHUH WHPSRUDO GDWD
DFTXLVLWLRQGLVSDULWLHVEHWZHHQ WKH),$JURXQGGDWDDQGDLUERUQHOLGDUGDWDZHUHJUHDWHU WKDQRQH
\HDU%LRPDVV HVWLPDWLRQ DQG FRPSDULVRQ RI UHJUHVVLRQPRGHOLQJ UHVXOWVZHUH UHSHDWHG IRU SORWV
ZLWKPRGHOHGWUHHJURZWK
   
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Abstract 
,Q WKLV VWXG\ZH H[DPLQH IRUHVW GLVWXUEDQFH RYHU WKUHH GHFDGHV LQ D FRDVWDO WHPSHUDWH IRUHVW RQ
9DQFRXYHU,VODQG%ULWLVK&ROXPELD&DQDGD:HLQWHUSUHWWKHUHODWLRQVKLSEHWZHHQ/L'$5GHULYHG
HVWLPDWHVRIFDQRS\FRYHUDQGWKHVSHFWUDOFKDUDFWHULVWLFVRIIRUHVWGLVWXUEDQFHWUDMHFWRULHVGHULYHG
IURPDUHODWLYHO\ORQJWLPHVHULHVRI/DQGVDWLPDJHV7KH/L'$5GDWDZHUHREWDLQHGRQDVLQJOH
GDWHLQDQGDUHXVHGWRHVWLPDWHIRUHVWVWUXFWXUDOFRQGLWLRQVSUHVHQWDWWKHHQGRIWKH/DQGVDW
WLPHVHULHV7KURXJKWKHFRPELQDWLRQRIWKHVHGDWDVHWVZHGHPRQVWUDWHLWKHVSHFWUDOSURSHUWLHVRI
IRUHVWV DQG FKDQJH UHODWHG WR YDULRXV IRUHVW GLVWXUEDQFH SDWWHUQV DQG LL WKH HIILFLHQW
FKDUDFWHUL]DWLRQ RI WKHVH FKDQJHV RYHU WLPH 7KH /DQGVDW LPDJHV ZHUH JHRPHWULFDOO\ DQG
UDGLRPHWULFDOO\QRUPDOL]HGDQGVHOHFWHGVSHFWUDOLQGLFHVZHUHFRPSXWHG$VPDOOIRRWSULQW/L'$5
GDWDVHWZDVXVHGWRHVWLPDWHFDQRS\FRYHUIRUHDFK/DQGVDWSL[HO
)LUVWDUHJUHVVLRQDQDO\VLVEHWZHHQ/L'$5GHULYHGIRUHVWVWUXFWXUHDQG/DQGVDWVSHFWUDOYDULDEOHV
XVLQJ D IRUZDUG VWHSZLVH PHWKRG ZDV HPSOR\HG /DQGVDWGHULYHG 7DVVHOHG &DS $QJOH 7&$
VKRZHGWKHEHVWFRUUHODWLRQFRHIILFLHQWU ZLWK/L'$5GHULYHGFDQRS\FRYHU0RVWSRVVLEOH
FRPELQDWLRQVRIWKH/DQGVDWVSHFWUDOLQGLFHVSURGXFHGVLJQLILFDQWUHJUHVVLRQPRGHOVZLWKDGMXVWHG
5UDQJLQJIURPWRDQGWKH7&$ZDVXVHGWRFKDUDFWHUL]HFKDQJHLQIRUHVWVWUXFWXUHRYHU
WKHHQWLUHLPDJHWLPHVHULHVXVLQJDWUDMHFWRU\EDVHGDXWRPDWHGFKDUDFWHUL]DWLRQPHWKRG:KHQWKH
PHWKRGZDVDSSOLHG WR WKH7&$ WLPH VHULHV DSSUR[LPDWHO\ RI WKH VWXG\DUHD
ZDV IRXQG WR FRUUHVSRQG WR µLQWDFW DQG XQGLVWXUEHG IRUHVW¶ $UHDV FKDUDFWHUL]HG E\ GLVWXUEDQFH
GLVWXUEDQFH IROORZHG E\ UHYHJHWDWLRQ RQJRLQJ UHYHJHWDWLRQ DQG UHYHJHWDWLRQ WR VWDEOH VWDWH
DFFRXQWHGIRUDSSUR[LPDWHO\DQGRIWKHVWXG\DUHDUHVSHFWLYHO\)LQDOO\
ZHXVHGVSHFWUDOPL[WXUHDQDO\VLV60$WRH[WUDFWWKHVSHFWUDOFKDUDFWHULVWLFVRIHDFKGLVWXUEDQFH
FODVV:HFRPSDUHGHQGPHPEHUDEXQGDQFHVZLWKLQDQGDPRQJFODVVHVDQGWKHVHZHUHFRPSDUHG
ZLWK WKH /L'$5GHULYHG IRUHVW VWUXFWXUDO HVWLPDWHV 7KH 60$ IUDFWLRQ LPDJHV RIIHUHG D FOHDU
GLVWLQFWLRQEHWZHHQGLVWXUEDQFH FODVVHV LQ DEXQGDQFHV EHWZHHQ VXQOLW FDQRS\QRQSKRWRV\QWKHWLF
YHJHWDWLRQ 139 VKDGH DQG H[SRVHG VRLO7KH/L'$5GHULYHG FDQRS\ FRYHUZDVPRUH VWURQJO\
FRUUHODWHGZLWKWKH/DQGVDWGHULYHGVXQOLJKWFDQRS\HQGPHPEHUIUDFWLRQU WKDQWKH/L'$5
HVWLPDWHVRIPHDQKHLJKWU 7KHVXQOLJKWFDQRS\IUDFWLRQWHQGHGWRGHFUHDVHDVDIXQFWLRQRI
GLVWXUEDQFHLQWHQVLW\DQGDFKDQJHLQVXQOLJKWFDQRS\ZDVH[SODLQHGE\DGHFUHDVHLQWKHDPRXQWRI
/L'$5GHULYHGFDQRS\FRYHU2YHUDOOWKLVVWXG\LQGLFDWHVWKDWPRGHUDWHO\DFFXUDWHSUHGLFWLRQVRI
/L'$5GHULYHGFDQRS\FRYHUDQGKHLJKWFDQEHREWDLQHGXVLQJWKH/DQGVDWOHYHOGLVWXUEDQFHFODVV
HQGPHPEHUIUDFWLRQV)XUWKHUUHVHDUFKLVQHHGHGWRXWLOL]HWKHVHUHODWLRQVKLSVDQGEXLOGRQWKLVQHZ
FDSDFLW\WRXVHGLVWXUEDQFHFODVVIUDFWLRQLPDJHVDQG/L'$5GDWDWRHVWLPDWHELRSK\VLFDOSURSHUWLHV
RIGLVWXUEHGIRUHVWV

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Paper Number:  SL2012-125 
 
Abstract 
 
Ongoing work with the Echidna® Validation Instrument (EVI), a full-waveform, ground-based 
scanning lidar (1064 nm) developed by AStralia’s CSIRO and deployed by Boston University in 
California conifers (2008) and New England hardwood and softwood (conifer) stands (2007, 
2009, 2010), confirms the importance of slope correction in forest structural parameter retrieval; 
detects growth and disturbance over periods of 2–3 years; provides a new way to measure the 
between-element clumping factor in leaf area index retrieval using lidar range; and retrieves 
foliage profiles with more lower-canopy detail than a large-footprint aircraft scanner (LVIS), 
while simulating LVIS foliage profiles accurately from a nadir viewpoint using a 3-D point 
cloud. Topographic slope can induce errors in retrievals of forest structural parameters becASe 
the horizontal plane of the instrument scan, which is used to identify, measure, and count tree 
trunks, will intersect trunks below breast height in the uphill direction and above breast height in 
the downhill direction. A test of three methods at southern Sierra Nevada conifer sites improved 
the range of correlations of EVI-retrieved structural parameters with field measurements from 
0.53–0.68 to 0.85–0.93 for the best method. To test change detection, we scanned three New 
England forest sites at periods of two to three years. A shelterwood stand at the Howland Ex-
perimental Forest, Howland, Maine, showed increased mean DBH, above-ground biomass, and 
leaf area index between 2007 and 2009. Two stands at the Harvard Forest, Petersham, Massa-
chusetts, suffered reduced leaf area index and reduced stem count density as the result of an ice 
storm that damaged the stands. A new method for retrieval of the forest canopy between-ele-
ment clumping index from angular gaps in hemispherically-projected EVI data traces gaps as 
they narrow with range from the instrument, thus providing the approximate physical size, ra-
ther than angular size, of the gaps. Applied to a range of sites in the southern Sierra Nevada, 
element clumping index values are lower (more clumping effect) in more open stands, providing 
improved results. Foliage profiles retrieved from EVI scans at five Sierra Nevada sites are 
closely correlated with those of the airborne Lidar Vegetation Imaging Sensor (LVIS) when av-
eraged over a diameter of 100 m. At smaller diameters, the EVI scans have more detail in lower 
canopy layers. Foliage profiles derived from processing 3-D site point clouds with a nadir view 
match the LVIS foliage profiles more closely than EVI profiles in scan mode.  
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Paper Number: SL2012-127 
 
Abstract  
 
The three-dimensional (3D) datasets provided by terrestrial laser scanners (TLS) play an 
important role in expanding and improving our understanding of ecological processes. Besides 
providing 3D information, laser return intensity of a green (532 nm) scanning laser may provide 
information about photosynthetic light use efficiency.  During times when leaves are under 
some environmental stress, excess energy is dissipated via the xanthophyll cycle in order to 
protect the photosynthetic apparatus of the leaf – a process referred to as non-photochemical 
quenching (NPQ). Importantly, with decreasing photosynthetic efficiency, the relative 
concentration of xanthophyll pigments change, which leads to a decreasing reflectance at 
around 531 nm. However, detecting these changes from passive sensors can be difficult because 
of variable atmospheric conditions, canopy heterogeneity, and confounding background effects. 
Here we test if the laser return intensity of a green scanning laser can track changes in 
xanthophyll pigment activity and NPQ. We imposed four different light intensities on bur oak 
(Quercus macrocarpa), sugar maple (Acer saccharum), and aspen saplings (Populus 
tremuloides), and measured laser return intensity, spectral reflectance, and chlorophyll 
fluorescence, before taking destructive pigment samples. Our results suggest strong 
relationships between laser return intensity and NPQ (0.80 > r2 >.50). There was no significant 
difference (p<.05) between the ability of the TLS and the PRI to predict NPQ under all species. 
Our results suggest that the return intensity of green scanning TLS are suitable for detecting 
changes in photosynthetic efficiency at the leaf scale. Future research is needed to test if these 
relationships hold true at the canopy scale.  
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Abstract 
 
High spatial resolution measurements of vegetation structure in three-dimensions (3D) facilitate 
estimates of vegetation biomass, carbon, community structure, fire hazards and other attributes 
across landscapes for a wide range of management and scientific applications. LIDAR remote 
sensing (Light Detection and Ranging) from manned aircraft is currently the most popular 
method for obtaining these measurements. Here we demonstrate a low-altitude unmanned aerial 
remote sensing system that produces high spatial resolution 3D point clouds similar in quality 
for vegetation measurements as those obtained from LIDAR, but also including spectral 
information for each point. This 'Ecosynth' methodology applies photogrammetric 'Structure 
from Motion' computer vision algorithms to large sets of highly overlapping low altitude 
(<130m) aerial photographs acquired using off the shelf digital cameras mounted on lightweight 
(<2 kg) hobbyist-grade unmanned aircraft systems (UAS). 3D point cloud datasets with RGB 
spectral attributes were produced automatically from digital photographs acquired by a UAS 
deployed over three 6.25 ha deciduous forest sites in Maryland USA under leaf-on and leaf-off 
conditions by processing them using a commercial computer vision software package. Point 
clouds were geocorrected to a horizontal precision of 1.2 - 4.3 m (radial root mean square error; 
RMSEr) with vertical precisions from 0.4 - 1.3 m RMSE based on ground control point (GCP) 
marker locations assessed using mapping grade GPS. Understory digital terrain models (DTMs) 
were generated from computer vision point clouds using an algorithm commonly used for 
discrete-return LIDAR, with errors ranging from 1.2 - 3.5 m RMSE. Tree canopy height models 
(CHMs) produced using Ecosynth methods agreed well with field-measured tree heights (R2 
0.64 - 0.78), with similar accuracy as those from LIDAR (R2 0.61 - 0.77). Plot-level tree height 
statistics from Ecosynth were more strongly related to LIDAR height estimates (R2 > 0.9) than 
to field measurements, suggesting that field measurement errors may have been larger than 
those from point cloud generation and georeferencing. These results demonstrate that Ecosynth 
methods can serve as an inexpensive and convenient alternative to LIDAR-based methods for 
acquiring 3D vegetation measurements across landscapes at the 1 km2 scale and below. This 
represents a transformative step forward for the remote sensing of vegetation structure, enabling 
inexpensive mapping on demand by end users of these data, including community foresters and 
conservation groups. User-deployed 3D vegetation scanning methodologies can also 
complement existing aerial LIDAR applications, by enabling high-temporal resolution 
measurements between LIDAR acquisitions and for validation of vegetation structural and 
spectral traits for future satellite LIDAR/fusion missions. 
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Characterizing forest succession in a temperate hemlock-hardwood 
forest type in Upper Michigan via LiDAR remote sensing 

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Abstract  

/L'$5 OLJKW GHWHFWLRQ DQG UDQJLQJ LV IUHTXHQWO\ XVHG WR FKDUDFWHUL]H IRUHVW VWUXFWXUDO
FKDUDFWHULVWLFVDFURVVDYDULHW\RIIRUHVWVW\SHV  $FFXUDWHTXDQWLILFDWLRQRIIRUHVWVWUXFWXUHFDQDLG
LQ RSHUDWLRQDO IRUHVW PDQDJHPHQW DFWLYLWLHV VXFK DV VLOYLFXOWXUDO SODQQLQJ IRUHVW LQYHQWRU\ DQG
ZLOGOLIH KDELWDW DVVHVVPHQW DPRQJ RWKHUV  2I SDUWLFXODU LQWHUHVW LV HPSOR\LQJ /L'$5 GDWD WR
FODVVLI\ VWDJHV RI IRUHVW VWUXFWXUDO GHYHORSPHQW  ,QGHHG /L'$5 GDWD KDYH EHHQ VXFFHVVIXOO\
HPSOR\HG WR FODVVLI\ VWUXFWXUDO VWDJHV LQ FRQLIHURXV IRUHVWV KRZHYHU DSSOLFDWLRQV LQ GHFLGXRXV
V\VWHPVKDYHEHHQOLPLWHG  7KHREMHFWLYHRIWKLVVWXG\ZDVWRXVHGLVFUHWHUHWXUQ/L'$5WRFODVVLI\
IRUHVW VXFFHVVLRQDO VWDJH DFURVV D PDQDJHG VWUXFWXUDOO\ GLYHUVH KHPORFNKDUGZRRG IRUHVW LQ WKH
8SSHU*UHDW/DNHV8SSHU3HQLQVXODRI0LFKLJDQUHJLRQ86$  6SHFLILFDOO\ZHIRFXVRQXVLQJ
YDULRXV/L'$5KHLJKWPHWULFV WRFODVVLI\HLJKWVWDJHVRIVWDQGGHYHORSPHQW LQKHPORFNKDUGZRRG
IRUHVWV LQ8SSHU0LFKLJDQ  3UHOLPLQDU\ ILQGLQJV LQGLFDWH WKDW/L'$5PHWULFVPLUURUYDULDWLRQ LQ
FRLQFLGHQW VWDQG VWUXFWXUH DQG WKXV FDQ EH HPSOR\HG WR DFFXUDWHO\ FODVVLI\ VWUXFWXUDO VWDJHV LQ
KHPORFNKDUGZRRGIRUHVWVRIWKHXSSHU*UHDW/DNHVUHJLRQ  6LQFHDFFHSWHGVLOYLFXOWXUDOSUDFWLFHV
DUH RIWHQ OLQNHG WR VSHFLILF VWDJHV RI VWDQG GHYHORSPHQW WKH UHVXOWV SUHVHQWHG KHUHLQ FDQ EH
OHYHUDJHGVLOYLFXOWXUDOSODQQLQJDFWLYLWLHVDFURVVODUJHVSDWLDOH[WHQWV

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Using Shape-based Metrics to Determine the Boundaries of Lidar 
Waveforms 
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
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
Abstract
 
/LGDUV\VWHPVKDYHHYROYHGRYHUWKHSDVWWKUHHGHFDGHVIURPVLPSOHUDQJHILQGHUVWKDWPHDVXUHG
KHLJKW SURILOHV IURP QDGLU WR KLJKO\ DGYDQFHGZDYHIRUP V\VWHPV WKDW UHFRUG WKH KHLJKWV DQG
LQWHQVLWLHVRIKXQGUHGVRIUHWXUQVSHUSXOVHDVWKHV\VWHPVFDQVODUJHVZDWKVRIWKHODQGVFDSH
:KLOH WKHKDUGZDUHKDV LPSURYHG WKHPHWKRGVXVHG WR VDPSOHDQG DQDO\VH WKHGDWDKDYHQRW
NHSW SDFH &RPPRQ PHWKRGV VXFK DV WKUHVKROGLQJ DQG *DXVVLDQ GHFRPSRVLWLRQ RIWHQ
XQGHUHVWLPDWH WKH KHLJKWV RI WKH JURXQG DQG FDQRS\ DQG IDLO WR GHOLQHDWH WKH IXOO ZDYHIRUP
7KHVHLVVXHVFDQOHDGWRPLVFODVVLILFDWLRQRIWKHVWUXFWXUHRIWKHXQGHUO\LQJIRUHVWDQGKDYHEHHQ
VXJJHVWHGDVDOHDGLQJFDXVHIRUXQGHUHVWLPDWLRQRIFDQRS\KHLJKWDQGRWKHUPHWULFVRI IRUHVW
VWUXFWXUH E\ PRGHOV WKDW UHO\ RQ OLGDU GDWD :H SURSRVH D UHFXUVLYH PHWKRG WKDW XVHV WZR
VKDSHEDVHGPHWULFVWKHFHQWURLGCDQGUDGLXVRIJ\UDWLRQRGWRLGHQWLI\WKHORZHUJURXQG
DQG XSSHU WRS RI FDQRS\ ERXQGV RI OLGDU ZDYHIRUPV 2XU DOJRULWKP ZDV WHVWHG XVLQJ IXOO
ZDYHIRUPVIURP/9,6GDWDFROOHFWHGLQRYHUWKH/D6HOYD%LRORJLFDO6WDWLRQDQGDGMDFHQW
SULYDWH KROGLQJV LQ&RVWD5LFD7KH ERXQGV H[WUDFWHG IURP WKH OLGDU GDWD XVLQJ WKH UHFXUVLYH
DOJRULWKPZHUHFRPSDUHGWRLQGHSHQGHQWPHDVXUHPHQWVRIJURXQGHOHYDWLRQDQGWRSRIFDQRS\
DVZHOODVWKHHVWLPDWHVRIWKHJURXQGZgDQGWRSRIFDQRS\RH100HOHYDWLRQVUHSRUWHGZLWK
WKH/9,6GDWD

References

0XVV-'$JXLODU$PXFKDVWHJXL10ODGHQRII'-DQG+HQHEU\*0$QDO\VLVRI
ZDYHIRUPOLGDUGDWDXVLQJVKDSHEDVHGPHWULFVIEEE Geoscience and Remote Sensing 
Letters, GRL/*56

Decomposing Forest LiDAR Extinction for Comparison with SAR 
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Among remote sensing tools available for forest research purposes the active methods of LiDAR and 
RaDAR possess the potential to provide faster and more valuable information than many other methods 
available. One of their major downfalls is the survey cost incurred, particularly in scientific research 
where many instances require coverage by both sensors, which can prove very costly. Identifying 
synergies between these methods could potentially reduce the need for forest coverage by both sensors 
therefore allowing costs to be reduced while crucially providing more information than any one sensor 
could provide alone. Additional information could even be added to that offered by historical studies. 
Here the authors present a comparison of interferometric coherence between measurements provided by 
radar interferometry, acquired by L-Band UAVSAR, and predictions of this coherence obtained through 
canopy LiDAR extinction estimates and vertical foliage profile generation made from LVIS waveforms, 
all acquired from the Laruentides forest, Quebec. These extinction and profile estimates have been 
obtained from canopy height profiles created from waveforms by accounting for the amount of energy 
transmitted through to locations deeper in the canopy using the McArthur-Horn transform and the amount 
of biomass distributed within the vertical profile interpreted by intensity of backscatter. Extinction values 
are quantified using Legendre Polynomial decomposition and express the potential in forming extinction 
look up tables for individual forest classes which can be used to better predict forest height metrics using 
radar interferometry. 
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Estimation of forest density vertical profiles 
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Forest density is a key parameter for sustainable forest management and planning of 
silvicultural operations (e.g. thinning, regeneration), biomass energy estimation, or 
biodiversity and ecological monitoring. The vertical distribution of vegetation material inside 
forest canopies is poorly known due to a lack of field measurements, which are difficult to 
acquire. The development of Airborne Laser Scanning (ALS) provides new metrics for 
characterizing forest 3D structure. However, ALS has limited capabilities for assessing the 
understory layer, especially in dense canopies. The ability to identify the vertical profile of 
vegetation is affected by object occlusion as the ALS signal penetrates deeper into the canopy. 
Interestingly, Terrestrial Laser Scanning (TLS) provides complementary and detailed 
information about the vertical distribution of woody and leafy components in the lower 
canopy. The aim of this study is to compare ALS and TLS vertical profiles of forest density at 
plot level, in order to quantify the importance of occlusion effect from ALS and to propose a 
correction model. The study site is in Malahat located in southern Vancouver Island (B.C.), 
Canada, and is a 0.4 ha retention block of a coniferous stand composed of douglas fir 
(Pseudotsuga menziesii), western red cedar (Thuja plicata), and western hemlock (Tsuga 
heterophylla). The methodology can be summarized by a 5-step procedure: (i) extraction of 
ALS vegetation and single returns probability density function according to height, (ii) use of 
voxel geometry to transform georeferenced multiple TLS scans into normalized forest density 
index values, then aggregated into vertical profiles, (iii) comparison of ALS and TLS forest 
density vertical profiles, (iv) validation with a normalized surface index from a tree 
architecture model, (v) fitting of a correction model between ALS returns and TLS density 
voxels. Preliminary results show that ALS and TLS forest density vertical profiles can be 
approximated by a Weibull function. As expected, the ALS function shows a narrow peak of 
forest density in the upper part of the canopy. The TLS function reveals a higher degree of 
skewness and kurtosis, which seems to confirm that TLS detects a higher range of forest 
density among the height strata, especially in the lower canopy. The fitting of the TLS 
function to the ALS data allowed us to identify the equation parameters that need to be 
corrected in order to overcome the occlusion effect in the ALS signal. However, it remains to 
be determined whether the differences observed between the ALS and TLS are site-dependent 
or whether they are predictable characteristics specific to each LiDAR system. The 
applicability of this method to various forest environments, such as deciduous and mixed 
heterogeneous stands, is currently being investigated. 
 
Keywords: Forest Density, Vertical Profile, LiDAR, Airborne Laser Scanning, Terrestrial 
Laser Scanning, Voxel 
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 1 
Canary Pine canopy fuel parameters with LiDAR data in Tenerife 
Island 
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Abstract  

)RUHVW ILUH PDQDJHU UHTXLUH DFFXUDWH PDSV RI WKH VSDWLDO GLVWULEXWLRQ RI IRUHVW VWUXFWXUH
QHFHVVDU\ IRU WKH H[HFXWLRQ RI VLPXODWLRQ PRGHOV RI IRUHVW ILUH EHKDYLRU /L'$5 GDWD KDYH
SURYHQ WR EH DQ HIIHFWLYH WRRO IRU WKH GHWHUPLQDWLRQRI VRPHSDUDPHWHUV WKDW FKDUDFWHUL]H WKH
IRUHVWVWUXFWXUH,QWKLVSDSHUGLIIHUHQWUHJUHVVLRQPRGHOVZHUHILWWHGWRUHODWHWKH/L'$5GDWDWR
DWRWDORIVL[FDQRS\VWUXFWXUDOYDULDEOHVDWWKHSORWOHYHOLQFOXGLQJEDVDODUHD%$KHLJKW+
DERYHJURXQG ELRPDVV $*% FDQRS\ EDVH KHLJKW &%+ FDQRS\ EXON GHQVLW\ &%' DQG
DYDLODEOHFDQRS\ IXHO $&)3DUDPHWHUVZHUH HVWLPDWHG IURP ILHOGGDWDREWDLQHG LQGLIIHUHQW
SORWV
7KHVWXG\DUHDZLWKDQH[WHQVLRQRINPLVORFDWHGLQWKHQRUWKRI7HQHULIH,VODQG&DQDU\
,VODQGV6SDLQ7KHDOWLWXGHUDQJHVIURPWRPHWHUVDERYHVHDOHYHO,WLQFOXGHVDYHU\
FRPSOH[ JHRORJLFDO PL[WXUH RI WHUUDLQV ZLWK ELJ UDYLQHV 7KH DUHD FRQWDLQV RQH WKH PRVW
LPSRUWDQW&DQDU\3LQHPinus canariensis/KXPLGIRUHVWLQWKH,VODQGZLWKKLJKLQIOXHQFHRI
WUDGHZLQGVIURPQRUWKZHVW 
)LHOGGDWDZHUH FROOHFWHG IURPFLUFXODUSORWVZLWKP UDGLXV IURP0D\ WR'HFHPEHURI
7KHSORWVZHUH ORFDWHGHYHU\P IRUPLQJDJULG WKDWFRYHUHG WKHZKROHVWXG\DUHD
7KHFRRUGLQDWHVRIWKHFHQWHURIHDFKSORWZHUHUHFRUGHGZLWKD*HR([SORUHU;77KHIROORZLQJ
GLPHQVLRQV KHLJKW FURZQZLGWK KHLJKW WR FURZQ EDVH'%+ GLVWDQFH WR FHQWHU RI SORW DQG
GLUHFWLRQWRFHQWHUZHUHPHDVXUHGIRUHDFKWUHHZLWKLQSORW 
7KH/L'$5GDWDZHUHDFTXLUHGE\*5$)&$1ZLWKD/HLFD*HRV\VWHPV$/6VLQFH-XO\WR
$XJXVWRIIURPDQDYHUDJHDOWLWXGHRIPDERYHJURXQGOHYHO7KHGDWDXVHGLQWKLV
VWXG\ZHUHFDSWXUHGLQ-XQH7KH/L'$5V\VWHPUHFRUGIRXUUHWXUQVSHUODVHUSXOVHZLWK
ELWVRILQWHQVLW\UHJLVWHU7KH)29LVZLWKWUDQVYHUVDORYHUODSRIDQGVZDWKZLGWK
RIP/DVHUSRLQWGHQVLW\ZDVRISHUP7KHKRUL]RQWDODQGYHUWLFDODFFXUDFLHVDUH
FPDQGFPUHVSHFWLYHO\
6WDWLVWLFDODQDO\VHVZHUHVHSDUDWHO\GRQHIRUKHLJKWDQGLQWHQVLW\PHWULFVDQGIRUERWKWRJHWKHU
,QDOOFDVHVWKHUHZDVRQO\DVPDOOGLIIHUHQFHEHWZHHQWKHPRGHOVLQWHUPVRI57KHPRGHOV
REWDLQ5YDOXHVJUHDWHUWKDQ

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Paper Number: SL2012-144 
 
Abstract 
 
The ability to derive individual tree information from LiDAR data should greatly improve forest 
aboveground biomass estimates, and add more detailed information to ecological studies linked to 
forest structure. Several canopy delineation algorithms have been developed to extract individual 
tree information from LiDAR point clouds or rasterized Canopy Height Models (CHM). These 
algorithms generally have difficulty discriminating between overlapping canopies, and fail to 
detect understory trees. Our novel algorithm uses a watershed-based delineation of a CHM, which 
is subsequently refined using the LiDAR point cloud. Pseudo waveforms are generated for each 
preliminary tree polygon, and significant troughs in the pseudo waveforms are assumed to be 
disparate crowns. The points below a detected trough are extracted from the point cloud and re-
processed to generate an understory CHM. Finally, the understory CHM is segmented into 
understory canopies. Our algorithm is tested using both Echidna and stem mapped field data from 
the Sierra Nevada, California, and SERC, Maryland.  Validation in both a mixed broadleaf 
system and a conifer system allows for a quantitative comparison of delineation accuracy 
between the two forest types. 
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Using data from full-waveform terrestrial laser scanner to estimate 
above-ground biomass of western junipers 

6KUHVWKD5XSHVK*OHQQ1DQF\)6SDHWH/XFDV3+DUGHJUHH6WXDUW3

,GDKR6WDWH8QLYHUVLW\'HSDUWPHQWRI*HRVFLHQFHV%RLVH&HQWHU$HURVSDFH
/DERUDWRU\%RLVH,GDKR86$VKUHUXSH#LVXHGX
,GDKR6WDWH8QLYHUVLW\'HSDUWPHQWRI*HRVFLHQFHV%RLVH&HQWHU$HURVSDFH
/DERUDWRU\%RLVH,GDKR86$JOHQQDQF#LVXHGX
,GDKR6WDWH8QLYHUVLW\'HSDUWPHQWRI*HRVFLHQFHV%RLVH&HQWHU$HURVSDFH
/DERUDWRU\%RLVH,GDKR86$VSDHOXFD#LVXHGX
86'$$561RUWKZHVW:DWHUVKHG5HVHDUFK&HQWHU%RLVH,GDKR86$
VWXDUWKDUGHJUHH#DUVXVGDJRY



3DSHU1XPEHU  6/

Abstract 

:HVWHUQMXQLSHUJuniperus occidentalisYDUoccidentalis+RRNKDVEHHQUDSLGO\H[SDQGLQJLQWR
VKUXEVWHSSHDQGJUDVVODQGHFRV\VWHPVLQWKH,QWHUPRXQWDLQ:HVWRYHUWKHODVWFHQWXU\UHVXOWLQJ
LQ LQFUHDVHGVRLOHURVLRQ UHGXFHGVWUHDPIORZVDQGUHGXFHGXQGHUVWRU\SODQWVDPRQJRWKHUV
1RW DOO HIIHFWV RIZRRG\ HQFURDFKPHQW DUH SHUFHLYHG DV QHJDWLYH DVZRRGODQG GHYHORSPHQW
PD\VHUYHDVDFDUERQVLQNRUDVDQHZVRXUFHIRUELRIXHOSURGXFWLRQ(VWLPDWLQJWUHHELRPDVV
DQG XQGHUVWDQGLQJ KRZ ELRPDVV LV DOORFDWHG DFURVV GLIIHUHQW LQGLYLGXDO WUHH FRPSRQHQWV
SURYLGHV LQVLJKWV LQWR WUHH JURZWK DQG KHOSV H[SODLQ WKH XQFHUWDLQWLHV LQ ELRPDVV HVWLPDWHV
)XOOZDYHIRUP WHUUHVWULDO ODVHU VFDQQHUV 7/6 KDYH KLJKHU FURZQ SHQHWUDWLRQ WKDQ DLUERUQH
/L'$5RUVLQJOHUHWXUQ7/6JHQHUDWLQJGHQVHSRLQWFORXGVWKDWEHWWHUFDSWXUHWUHHFRPSRQHQWV
:HSUHVHQWWZRPHWKRGVIRUHVWLPDWLQJELRPDVVRIWUHHFRPSRQHQWVXVLQJERWKIXOOZDYHIRUP
DQG VLQJOHUHWXUQ 7/6 GDWD 6L[WHHQ MXQLSHU WUHHV KHLJKW UDQJH  P ZHUH UDQGRPO\
VHOHFWHGXVLQJDGRXEOHVDPSOLQJVWUDWHJ\IURPGLIIHUHQWKHLJKWFODVVHVLQ WKH5H\QROGV&UHHN
([SHULPHQWDO :DWHUVKHG LQ WKH 2Z\KHH 0RXQWDLQV VRXWKZHVWHUQ ,GDKR 86$ 'XULQJ
6HSWHPEHU1RYHPEHU  HDFK WUHH ZDV VFDQQHG ZLWK D IXOOZDYHIRUP VFDQQHU 5LHJO
9= DQG D VLQJOHUHWXUQ VFDQQHU /HLFD 6FDQVWDWLRQ & 7KH GU\ ELRPDVV RI HDFK
FRPSRQHQW IROLDJH EUDQFKHV DQGPDLQ VWHPZDVPHDVXUHG E\ GHVWUXFWLYH KDUYHVWLQJ RI WKH
WUHHVDQGDOORPHWULFUHODWLRQVKLSVZHUHHVWDEOLVKHGZLWK7/6H[WUDFWHGFRPSRQHQWV7KHUHVXOWV
LQGLFDWHWKHZDYHIRUPLQWHQVLW\DQGUHIOHFWLYLW\LQIRUPDWLRQIURP7/6LPSURYHVWKHDELOLW\WR
H[WUDFWWUHHFRPSRQHQWVDQGKHQFHHVWLPDWHWKHFRPSRQHQWELRPDVV
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Modeling the geometric space of Douglas-fir tree crowns in the 
northern Rocky Mountains, USA for fire behavior simulation 
 
J. Ferrarese1, E. Rowell, C. Seielstad 
 
1National Center for Landscape Fire Analysis, University of Montana, 
jena.ferrarese@firecenter.umt.edu 
 
 
Paper Number:  ### SL2012-146 
 
Abstract  
The recent development of physics-based numerical wildland fire simulation models is 
focusing attention on ways to improve characterization of fine-grained fuel properties in 
three-dimensions. At tree scale, current studies distribute crown biomass uniformly 
through simple volumes described by cones and frustums. Fuel characteristics such as 
crown bulk density are determined from small samples in the laboratory or estimated 
from allometric biomass equations and are homogenized across the modeled crowns. In 
this poster, we describe a novel technique for characterizing the denominator of fuel 
density, (i.e. the geometric space of tree crowns) using terrestrial laser scanner data and 
apply it to Douglas-fir trees from across the northern Rocky Mountains, USA. The 
technique exploits the capacity of laser scanning for making many precise 
measurements, which are used to delineate the occupied crown space. We automate tree 
selection and canopy delineation in side-lateral scans and percentile-normalize canopy 
points as a function of height above ground and distance from the center of tree boles. 
The resulting percentile height-width profiles facilitate direct comparison of trees of 
varied size and shape and allow for aggregation of data from many trees. Critical 
percentile hulls are identified and fit with smoothing curves, and crown base heights are 
objectively determined through analysis of the interaction between percentile crown 
widths. We compare percentile metrics with actual crown shapes, examine between tree 
variability, and contrast laser-derived geometry with simple cones and frustums. This 
study is one component of a larger effort to develop universal models that realistically 
distribute fuel mass within tree crowns for common conifer species in the northern 
Rocky Mountains, USA.  
6LOYL/DVHU6HSW6HSWHPEHU±9DQFRXYHU&DQDGD
 1 
A mobile terrestrial laser scanning application for characterizing 
Mediterranean vegetation structure along forest roads

0DL]D1'RV6DQWRV,JQDFLRGHO0RUDO$OH[DQGUH(VFROj5DPRQ5LHUD7DWFKp
5LFDUGR6DQ]-RDQ55RVHOO3ROR&ULVWLQD9HJD*DUFLD

8QLYHUVLW\RI/OHLGDPDL]DQDUD#JPDLOFRP

3DSHU1XPEHU  6/

Abstract  
 
0RELOH7HUUHVWULDO/DVHU6FDQQLQJ0/6KDVEHFRPHDFRVWHIIHFWLYHDQGXVHIXOWRRO
LQWKHDFTXLVLWLRQRITXDQWLWDWLYHGDWDIURPIRUHVWV2QHRIWKHPDLQDGYDQWDJHVWKDW0/6KDV
RYHUWKHPRUHXVXDO$HULDO/DVHU6FDQQLQJ$/6LVLWVDELOLW\WRJDWKHUGDWDIURPXQGHUQHDWK
WKHFDQRS\DWDIRUHVWVWDQGOHYHO7KLVDSSURDFKLVHVVHQWLDOZKHQDQDO\]LQJIRUHVWVWUXFWXUHIRU
PDQ\ IRUHVW PDQDJHPHQW JRDOV DQG VSHFLILFDOO\ IRU OLQNLQJ IRUHVW DQG ILUH PDQDJHPHQW
VWUDWHJLHV6SDLQEHLQJRQHRIWKHPRVWDIIHFWHGFRXQWULHVE\IRUHVWILUHVLQ(XURSHQHFHVVLWDWHV
WKHLQWHJUDWLRQRIILUHSUHYHQWLRQDFWLRQVLQWRIRUHVWPDQDJHPHQWDQGWHUULWRULDOSODQQLQJLVRI
XWPRVW LPSRUWDQFH ERWK HFRQRPLFDOO\ DQG HFRORJLFDOO\ )LUH SUHYHQWLRQ SODQQLQJ LQ 6SDLQ
XVXDOO\ LQFOXGHV IXHO WUHDWPHQWV LQ OLQHDU VWUXFWXUHV ³)XHOEUHDNV´ DUH RIWHQ GHVLJQHG DORQJ
IRUHVWURDGVIRUWKHSXUSRVHRIFRQWUROOLQJILUHVL]HEXWDOVRDVDKXPDQULVNUHGXFWLRQVWUDWHJ\
7UHDWPHQWVDUHH[WUHPHO\H[SHQVLYHUHJDUGOHVVRIWKHWHFKQLTXHXVHGPHFKDQL]HGRUPDQXDO
SUHVFULEHG EXUQLQJ SK\WRFLGHV JUD]LQJ PDNLQJ ORFDWLRQ DQG H[WHQVLRQ RI WKH WUHDWPHQWV D
GHFLVLRQWKDWQHHGVWREHRSWLPL]HGLHVWULSHZLGWKWUHHGHQVLW\VKUXEVUHPRYDO7KHDFFXUDWH
LQYHQWRU\ RI YHJHWDWLRQ VWUXFWXUH DORQJ VWUDWHJLF URDGV LV D SUHUHTXLVLWH IRU HYDOXDWLQJ IXHO
KD]DUG HVWLPDWLQJ WKH FRVWV DQG LPSURYLQJ WKH GHFLVLRQ PDNLQJ DOORFDWLRQ SURFHVV 7KLV
LQYHQWRU\LVLQLWVHOIWLPHFRQVXPLQJDQGFRVWO\EXWE\XVLQJDPRELOHWHUUHVWULDOODVHUVFDQQLQJ
DORQJWKHURDGVWKHSURFHVVFDQEHPDGHPRUHHIILFLHQWO\
$0/6V\VWHPKDVEHHQHYDOXDWHGWRDVVHVVLWVSRWHQWLDOLQWKHDFTXLVLWLRQRIYHUWLFDO
DQGKRUL]RQWDOIRUHVWVWUXFWXUDOGDWDTXDOLW\DQGDFFXUDF\RYHUOLQHDUWUDFNV7KHVWXG\DUHDLV
ORFDWHGLQWKHPXQLFLSDOLW\RI3DOOHMjLQ&DWDORQLD6SDLQ'DWDZHUHDFTXLUHGRQWK)HEUXDU\
E\XVLQJD+RNX\R6FDQQLQJ/DVHU5DQJH)LQGHU870/;7KHGHYLFHZDVPRXQWHGLQ
D[1LVVDQ3DWKILQGHUYHKLFOHZKLFKUHPDLQHGDWDUHGXFHGFRQVWDQWVSHHGDSUR[NPK
GXULQJWKHDFTXLVLWLRQRI/L'$5SRLQWFORXGVDORQJDIRUHVWURDG7KHGDWDZHUHFROOHFWHGIURP 
ERWK VLGHV RI WKH IRUHVW URDG VLPXOWDQHRXVO\ EHLQJ SUHGRPLQDQWO\ RFFXSLHG E\ $OHSSR SLQH
VWDQGV Pinus halepensis7KLV QDWLYH VSHFLHV LV WKHPRVW H[WHQGHG LQ&DWDORQLD RI WKH
WRWDO IRUHVW DUHD DQG WKHPRVW DIIHFWHG E\ ILUHV 7KH VHOHFWHG VLWH ZDV UHSUHVHQWDWLYH RI WKH
KD]DUGRXVFRQGLWLRQVXVXDOO\IRXQGZLWKLQWKHVHIRUHVWVLQWKH&DWDORQLDQUHJLRQ 
)LHOGPHDVXUHPHQWVRQLQGLYLGXDOVWHPVDQGFURZQVXQGHUVWRUH\KHLJKWZHUHXVHGIRU
WHVWLQJTXDOLW\DQGDFFXUDF\RI WKHSDUDPHWHUVSURYLGHGE\ WKHSURFHVVLQJRI WKH/L'$5GDWD
SRLQWFORXG*RRGUHVXOWVZHUHDFKLHYHGUHJDUGLQJWKHFKDUDFWHUL]DWLRQRIWKHYHUWLFDOVWUXFWXUH
RI WKHIRUHVWDQG LQ WKHHYDOXDWLRQRI WKHVWDWXVRI WKHIXHOEUHDNDUHDV8QGHUWKHFXUUHQWKLJK
FRVWV RI IRUHVW ILUH SUHYHQWLRQ LQ &DWDORQLDZH EHOLHYH WKHVH0/6 DSSOLFDWLRQV FDQ LPSURYH
FXUUHQWIRUHVWLQYHQWRULHVUHGXFLQJFRVWVDQGDLGLQJPDQDJHUVLQWKHGHFLVLRQPDNLQJSURFHVVHV
RIZKHUHWRLQWHUYHQHDQGKRZWRFRQGXFWWKHQHFHVVDU\IXHOUHGXFWLRQWUHDWPHQWV



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Integration of variable radius plot and lidar data for multi-stand imputation 
and mapping of forest attributes 
 
Deo, R.K.; Falkowski, M.J.; Hudak, A.; Froese, R.E. 
Michigan Technological University, MI-49931, USA 
Paper Number SL2012-156 
LiDAR remote sensing is a valuable tool for forest inventory and assessment and is beginning to be 
integrated into operational forest management systems. Techniques that spatially extend traditional forest 
inventories with LiDAR data typically leverage a fixed radius plot design for the collection of field data. 
However, numerous efficiencies associated with time and funding could be gained by coupling LiDAR 
data with variable radius plot (VRP) inventory. The goal of this study is to develop an effective 
methodology for integrating LiDAR and VRP data to perform a large area forest inventory. This study, 
which is conducted in the Malheur National Forest in Eastern Oregon, USA, employs a multi-scale, 
stand-level imputation strategy for generating a spatially explicit forest inventory data. A total of 641 
VRPs from 88 stands were used and 37 lidar predictor metrics were extracted at various spatial scales 
around the VRP centers for model building and identification of optimal lidar grid size for imputation.  
Accuracy is assessed by comparing the imputed results with independent field data.  
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Automated water feature delineation and riparian wet areas mapping 
from lidar data 
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Poster Number:  SL2012-162 
 
Abstract 
 
Information about the location and extent of water features is required for many applications 
including various aspects of environmental planning and management. Accurate generation of 
water feature information can be costly and time consuming as this often requires production of 
stereo and/or orthophotos and typically involves labour intensive manual analysis and photo 
interpretation. This poster will demonstrate two highly automated lidar based approaches for 
delineation and mapping of water features and riparian wet areas.  
 
In the first example, standing water is detected and delineated using lidar data collected with the 
FUGRO FLI-MAP system. The FLI-MAP is an airborne sensor designed primarily for 
collecting lidar data, but contains an additional line scan camera which provides true colour 
values to each lidar point. An automated object-based analysis procedure was developed to take 
advantage of unique aspects of the colourized lidar data enabling highly detailed delineation of 
water features present on the landscape at the time of data collection. The result is a timely, 
accurate, low cost solution for extracting water features from FLI-MAP colourized lidar data. 
 
In the second example, lidar data were used to produce a riparian wet areas map. In this case, 
riparian wet areas were modelled using available lidar data in conjunction with known water 
locations from an existing base features hydropolygon map. A detailed digital elevation model 
(DEM) was constructed from the original lidar point data. A flow accumulation model was 
employed to generate a single line water layer connecting surface water polygons. Riparian wet 
areas were then identified through an automated iterative process where known water locations 
were used as “seeds” from which the wet areas were “grown” based on DEM derived criteria. 
The resulting map provides a spatially explicit, detailed, and accurate depiction of critical 
riparian wet area locations within the project area 
 
The lidar-only approaches demonstrated in this poster eliminate the need for costly 
orthophotography and feature very short turnaround times due to the almost fully automated 
nature of the procedures. 
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Abstract 
 
Landscape structure and heterogeneity play a potentially important, but little understood role in 
predator-prey dynamics. For example, prey may strategically take advantage of biophysical 
structure of their surroundings as a defensive mechanism, and different gender or age classes of 
prey may be more or less prone to predation in certain landscape conditions.  
 
In this study, we examine whether small-footprint discrete return LiDAR data could be used to 
assess the influence of landscape and forest structure variables on the location of moose kills  by 
wolves and moose deaths due to starvation. The study covers winter kill sites on Isle Royale 
National Park over the period 2004-2010, as well as moose malnutrition related death sites from 
1996-2010. Wolf-killed moose sites, moose starvation death sites, and random sites are 
identified and used with a set of Random Forest classification procedures supported by 
conditional density plot analysis to identify potential predictor variables relevant for each 
mortality class. Analysis is performed on a island wide approach, as well as in a partition of the 
island into two strata defined by the winter territories of 3 wolf packs for comparative 
assessments. The predictor variables, extracted from a set of LiDAR metrics, represent 
ecological and physiographic characteristics potentially important to kill site locations. These 
parameters are then integrated in logistic regression models to access, quantify and predict 
landscape level variables associated with wolf predation of moose as well as infer on starvation 
site selection factors of moose. Implications for the understanding of top predator-prey 
interactions at the landscape level, and habitat relations on moose malnutrition mortality sites, 
are discussed.  
!!!
!
!
!
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Co-registration of ALS data and field plots - sensitivity to plot size and 
other factors 

-DPHV:)OHZHOOLQJ 

6HDWWOH%LRPHWULFV6HDWWOH:$86$  IOHZHOOLQJ#VHDWWOHELRPHWULFVFRP 


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Abstract 

The calibration of ALS-based forest inventory prediction equations is often based on 
fixed-area plot data. Stem-mapped field plots are typically used for individual crown 
prediction methods and are sometimes used for area-based methods. In production 
inventories, plot locations are usually GPS determined, often with positional errors of 
up to 10 m. Various methods to co-locate the stem map and the ALS data are available. 
One simple method uses first returns to identify a set of a dispersed tree tops attributed 
with heights and (x,y) coordinates. An optimization procedure is used to find the 
presumptive location of the plot center and presumptive error in bearing.  The 
procedure minimizes a weighted score of squared errors in planar location and squared 
residuals in tree height predictions. The data set used to evaluate positional errors 
consists of eighty-four cadastral-surveyed 0.08 ha stem-mapped plots with measured 
tree heights in coniferous and mixed conifer-hardwood stands from Panther Creek, 
Oregon. Three leaf-on and five leaf-off ALS data sets acquired over a five year period 
are used for evaluation.  Lidar density is about eight first-returns per square meter. 
Positional accuracy is displayed as a function of simulated plot size up to 0.08 ha and to 
metrics related to homogeneity of tree top positions within the plots. A second problem 
is the determination of errors in bearing for terrestrial lidar acquired at a subset of the 
fixed-area plots. Though the stem-mapped plots and the TLS plots have common 
monumented center points, the two data sets lacked common references for true north. 
A simple search algorithm identifies the angular offset that results in the best match 
between a TLS generated stem map and the field-crew generated stem map.   


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Improving plot-based prediction of live above ground biomass using point-
filtered airborne lidar data. 
 
%ULDQ0:LQJ0DUWLQ:5LWFKLH.HYLQ%RVWRQ:DUUHQ%&RKHQ$OL[*LWHOPDQ

2UHJRQ6WDWH8QLYHUVLW\±&ROOHJHRI)RUHVWU\EULDQZLQJ#RUHJRQVWDWHHGX
86)RUHVW6HUYLFH±36:5HVHDUFK6WDWLRQPULWFKLH#IVIHGXV
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Abstract 
 
/LYH DERYH JURXQG ELRPDVV $*% DVVHVVPHQWV DUH XVHG LQ D P\ULDG RI IRUHVW PDQDJHPHQW
DSSOLFDWLRQV$LUERUQH OLGDU UHPRWH VHQVLQJKDV EHHQXVHG VXFFHVVIXOO\ WRSUHGLFW OLYH$*%DW
ERWKWKHLQGLYLGXDOWUHHDQGWKHSORWOHYHOZLWKWKHODWWHUEHLQJPRUHFRPPRQLQSUDFWLFH7KXV
IDUPRVWSORWOHYHODVVHVVPHQWVXWLOL]HOLGDUGHULYHGPHWULFVFUHDWHGXVLQJWKHHQWLUHSORW¶VOLGDU
SRLQWFORXGWRSUHGLFWOLYH$*%:KLOHWKHVHPHWULFVKDYHSURGXFHGSURPLVLQJUHVXOWVPDQ\RI
WKH SRLQWV ORFDWHG ZLWKLQ WKHVH SORWSRLQW FORXGV DUH DVVRFLDWHG ZLWK GHDG WUHHV LQWURGXFLQJ
YDULDELOLW\LQWRWKHPRGHOLQJIUDPHZRUN,QWKLVVWXG\OLYH$*%SUHGLFWLRQPRGHOVDUHFUHDWHG
XVLQJ WKUHH VHSDUDWH VHWV RI SORWOHYHO OLGDUGHULYHG PHWULFV DQG FRPSDUHG XVLQJ ERWK PRGHO
VHOHFWLRQVWDWLVWLFVDQGFURVVYDOLGDWLRQVWDWLVWLFV7KHWKUHHVHWVRIOLGDUPHWULFVXVHGLQWKHVWXG\
ZHUH  D µWUDGLWLRQDO¶ VHW FUHDWHG XVLQJ WKH HQWLUH SORW OLGDU SRLQW FORXG  D µOLYHWUHH¶ VHW
FUHDWHGXVLQJDOLGDUSRLQWILOWHULQJDOJRULWKPWKDWDWWHPSWVWRUHPRYHSRLQWVDVVRFLDWHGZLWKGHDG
WUHHV IURP WKH SORW SRLQW FORXGV DQG  D µYHJHWDWLRQLQWHQVLW\¶ VHW FUHDWHG E\ ILOWHULQJ DQG
UHPRYLQJOLGDUSRLQWVQRWPHHWLQJLQWHQVLW\YDOXHWKUHVKROGVDVVRFLDWHGZLWKOLYHYHJHWDWLRQ7KH
OLYHWUHHOLGDUPHWULFVHWSURGXFHGWKHEHVWUHVXOWVUHGXFLQJSUHGLFWLRQYDULDELOLW\E\RYHU
WKHWUDGLWLRQDOVHWLQSORWVFRQWDLQLQJILOWHUHGGHDGWUHHSRLQWV7KHVWXG\KLJKOLJKWVWKHDELOLW\RI
ILOWHULQJ OLGDU SRLQW FORXG GDWD WR FUHDWH PRUH XVHIXO DQG DFFXUDWH H[SODQDWRU\ YDULDEOHV IRU
SUHGLFWLRQ RI OLYH $*% 7KHPHWKRG VKRXOG DOVR H[WHQG LQWR WKH SUHGLFWLRQ RI RWKHU OLYH WUHH
DWWULEXWHVZLWKVLPLODUUHVXOWV
 SilviLaser 2012, Sept. 16-19 September 2012 –Vancouver, Canada  
 
Improving estimation of forest aboveground biomass at plot level using  
airborne Lidar data to estimate local height heterogeneity !!
Marc Bouvier 1, Sylvie Durrieu 2, Richard Fournier 3 
 
1 UMR TETIS, IRSTEA, 34093 Montpellier, France (marc.bouvier@teledetection.fr) 
2 UMR TETIS, IRSTEA, 34093 Montpellier, France (sylvie.durrieu@teledetection.fr) 
3 Centre d’Application et de Recherches en Télédétection, Depart. of Applied 
Geomatics, University of Sherbrooke, Quebec, Canada J1K 2R1 
(richard.fournier@usherbrooke.ca) 
 
Paper Number: SL2012-175 
 
Abstract 
 
Aboveground biomass (AGB) estimates are required to improve our knowledge on carbon cycle 
and for ecosystem modelling. Suitable mapping of AGB also supports the implementation of 
sustainable management strategies and practices that will contribute to forest ecosystem 
preservation and climate change mitigation. The potential of Lidar to assess AGB at plot level is 
widely acknowledge [Nelson et al. 1988, Næsset 2004, Van Leeuwen and Nieuwenhuis 2010]. 
In most studies, biomass estimation are estimated from statistical relationships linking biomass 
values measured in field inventory, to Lidar metrics extracted from the point cloud data. In 
general, several height percentiles are selected to describe tree height distribution, and only a 
few of them remain in the final model. In such approaches, biomass estimations do not take into 
account horizontal heterogeneity of canopy. The aim of this study is to improve AGB estimation 
for mono-layer stands by including indicators of the spatial heterogeneity of tree height 
distribution derived from Airborne Laser Scanning (ALS) data.  
As part of the FORESEE project (www.fcba.fr/foresee/), a 70 km2 area covered mainly by 
Maritime Pine (Pinus pinaster) in the Landes forest (South-Western France) was sampled by an 
ALS system. This ALS has a small footprint and a full-waveform signal. Sixty circular plots 
(0.1 ha or 0.7 ha each depending on tree heights) were inventoried by traditional field 
measurements and/or using a terrestrial laser scanner (TLS). Reference biomasses were derived 
from tree height and diameter at breast height (DBH) measurements using allometric equations. 
The current estimates of AGB from statistical relationships do not provide satisfactory results. It 
is hypothesized that spatial metrics describing local heterogeneity will allow improving AGB in 
mono-layer stands. Therefore, we investigated field data in order to determine key parameters 
that could complement those usually derived from Lidar. We identified new parameters 
allowing to correct the bias due to the extrapolation at plot-level of allometric equations that are 
valid for individual trees. Combining local stand density with tree mean height was insufficient 
to correct this bias primarily due to heterogeneity in tree heights. Conversely, adding the 
kurtosis and the skewness of the tree height distribution to the mean height values turned out 
useful to correct this bias. Consequently we defined new Lidar metrics aiming at quantifying 
spatial heterogeneity and skewness of tree height distribution. These metrics were then used to 
build a new AGB estimation model. The obtained model is compared to biomass estimation 
calculated from reference measurements. This model reduces error significantly (6%) compared 
to model based only on mean height. Further studies will be required to investigate the capacity 
of such kind of model to predict AGB in complex forest stands, especially in multi-layered 
forests. Full-waveforms data should also be analyzed to improve estimations.  
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 Plot age estimation using k-NN and LiDAR 
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Abstract 

)RUHVWVWDQGDJHLVDQLPSRUWDQWYDULDEOHWRKHOSXQGHUVWDQGERUHDOIRUHVWG\QDPLFVJURZWKDQG
GHYHORSPHQW$JHLVDOVRDQLPSRUWDQWFRPSRQHQWRIVLWHLQGH[VLQFHLWLVXVHGDVDUHIHUHQFH
SRLQWWRH[SUHVVJURZWKUDWHLQVWDQGV+RZHYHUDJHLVGLIILFXOWWRPHDVXUHRQWKHILHOGPDNLQJ
LWDQH[SHQVLYHYDULDEOH WRREWDLQ7KHUHIRUHKHLJKW LVRIWHQXVHGDVDSUR[\IRUDJH LQPDQ\
IRUHVWHG HFRV\VWHPV +HLJKW DQG DJH UHODWLRQVKLS HYROXWLRQ LV JHQHUDOO\ LQIOXHQFHG E\ WKH
XQGHUO\LQJUHODWLRQVKLSZLWKVLWHIHDWXUHVVXFKDVWHUUDLQDWWULEXWHV

7KHREMHFWLYHRI WKLV VWXG\ LV WR LPSURYHN11DJH HVWLPDWLRQXVLQJYHJHWDWLRQVWUXFWXUH DQG
VLWHIHDWXUHVERWKGHULYHGIURP/L'$5

)LHOGGDWDFRQVLVWHGRIWUHHFRUHVIURPILUGRPLQDWHGSORWVFROOHFWHGEHWZHHQDQG
/L'$5GDWDZDVSURFHVVHGWRFUHDWHYHJHWDWLRQDQGVLWHLQIRUPDWLRQIRUHDFKSORW DQGXVHGDV
SUHGLFWRUVIRUWKHN11PHWKRG6LWHSUHGLFWRUVLQFOXGHGHOHYDWLRQVORSHDQGDVSHFWLQDGGLWLRQ
WRK\GURORJ\DQGLQVRODWLRQZKLOHOLGDUKHLJKWILUVWUHWXUQSHQHWUDWLRQUDWHDQGSDUDPHWHUV
IURPDILWWHG:HLEXOOGLVWULEXWLRQZHUHXVHGDVYHJHWDWLRQVWUXFWXUHSUHGLFWRUV

$JHHVWLPDWLRQXVLQJ/L'$5GDWDZDVKLJKO\DFFXUDWHZLWKORZHUURUV506(\U)RUHVW
VWUXFWXUHYDULDEOHVGHULYHGIURP/L'$5H[KLELWHGWKHPRVWLPSRUWDQFHWRHVWLPDWHDJHZKLOH
VLWHSUHGLFWRUVVXFKDVHOHYDWLRQDQGVORSHDOVRLPSURYHGWKHHVWLPDWHVEXWWRDOHVVGHJUHH2XU
UHVXOWV ZLOO DOORZ LPSURYHPHQWV RI IRUHVW PDQDJHPHQW E\ L ORZHULQJ WKH HUURU LQ VWDQG DJH
HVWLPDWLRQDQGLLUHILQLQJWKHVSDWLDOVFDOHDWZKLFKDJHLVHVWLPDWHG7KLVILQHVSDWLDOUHVROXWLRQ
ZLOO DOORZ PDQDJHUV WR EHWWHU XQGHUVWDQG ORFDO IRUHVW VWUXFWXUH HYROXWLRQ DQG PDLQWDLQ D
GLYHUVLW\RIDJHFODVVGLVWULEXWLRQV
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Single Tree Detection from Airborne Laser Scanning Data Using a 
Marked Point Process 
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Abstract 

7KHUH LV D FOHDU WUHQG WRZDUGV LQGLYLGXDOWUHHEDVHG IRUHVW LQYHQWRU\ :LWK WKH LQFUHDVLQJ
DYDLODEO\RIKLJKGHQVLW\VPDOOIRRWSULQWDLUERUQHODVHUVFDQQLQJ$/6LWKDVEHFRPHSRVVLEOH
WRH[WUDFWPRUHIXQGDPHQWDOWUHHEDVHGIRUHVWSDUDPHWHUVVXFKDVWUHHKHLJKWFURZQVL]HWUHH
YROXPH DQG WUHH VSHFLHVZKLFK DUH RI LPSRUWDQW HFRQRPLF DQG HQYLURQPHQWDO FRQFHUQV IURP
$/6GDWDH[FOXVLYHO\ 

6LQJOHWUHHGHWHFWLRQLVXVXDOO\WKHEDVLVRIWUHHZLVHDQDO\VLVDQGSDUDPHWHUGHULYDWLRQDQGGRQH
E\ VHJPHQWDWLRQ RI &DQRS\ +HLJKW 0RGHO &+0 UHFRYHUHG IURP $/6 GDWD /RZOHYHO
VHJPHQWDWLRQPHWKRGVDOZD\VUHVXOWLQFRPPLVVLRQDQGRPLVVLRQHUURUVGXHWR WKHFRPSOH[LW\
RIIRUHVWVFHQHVZKLFKLVHYLGHQFHGE\DODUJHERG\RIVLQJOHWUHHGHWHFWLRQUHVHDUFKHV,QWKLV
UHVHDUFKZH SUHVHQWHG D SUREDELOLVWLFPRGHO IRU VLQJOH WUHH GHWHFWLRQ EDVHG RQPDUNHG SRLQW
SURFHVV DLPLQJ WR UHGXFH FRPPLVVLRQ HUURU UHVXOWHG IURP ORFDOPD[LPD EDVHG DSSURDFK:H
FRQVLGHU VLQJOH WUHHV LQ $/6 UHFRYHUHG &+0 DV D UHDOL]DWLRQ RI D PDUNHG SRLQW SURFHVV RI
FLUFOHV7KHPRGHO WDNHV LQWRDFFRXQWERWK WKHJHRPHWULFFKDUDFWHULVWLFVDQGSDLUZLVHREMHFWV
LQWHUDFWLRQVRIWUHHFURZQVLQDGDWDWHUPDQGDFRQWH[WXDOWHUPUHVSHFWLYHO\'LIIHUHQWIURPWKH
FRQYHQWLRQDO PDUNHG SRLQW SURFHVV ZH SURSRVHG WR VDPSOH RXU PRGHO LQ D FRQVWUDLQHG
FRQILJXUDWLRQVSDFH7KHSRVLWLRQVRIWUHHVDUHOLPLWHGWRWKHSRLQWVHWRIORFDOPD[LPDH[WUDFWHG
IURP&+0ZLWKFLUFXODUILOWHUZLQGRZRIYDULDEOHVL]HDQGWKHUDGLXVRIWUHHFURZQVDUHVHWDV
WKH HTXLYDOHQW UDGLXV RI FRUUHVSRQGLQJ VHJPHQWV RI ORFDO PD[LPD UHVXOWLQJ IURP
PDUNHUFRQWUROOHGZDWHUVKHGVHJPHQWDWLRQ)LQDOO\WKHEHVWFRQILJXUDWLRQLVVDPSOHGE\DGHDWK
SURFHVVYLDDVWHHSHVWGHFHQWVFKHPHWKURXJKZKLFKVLQJOHWUHHVDUHGHWHFWHG&RPSDUHGZLWK
FRQYHQWLRQDO PDUNHG SRLQW SURFHVV RXU PHWKRG PDNHV XVH RI SULRUL LQIRUPDWLRQ FDQ EH
H[WUDFWHGIURP&+0DQGFRQVWUDLQV WKHSRWHQWLDOREMHFWVZLWKLQ WKLVFRQVWUDLQHGVSDFH UDWKHU
WKDQ VDPSOLQJ WKH ZKROH FRQILJXUDWLRQ VSDFH UDQGRPO\ ZKLFK JUHDWO\ UHGXFHV WKH VHDUFKLQJ
VSDFHDQGDFFHOHUDWHVRSWLPL]DWLRQSURFHVV 

7KHPHWKRG LVDSSOLHGRQVLPXODWHG$/6GDWDRI IRUHVWSORWVZLWKGLIIHUHQWGHJUHHVRIFURZQ
RYHUODSSLQJDVZHOODVUHDOFRQLIHURXVIRUHVWSORWV7KHWHQWDWLYHGHWHFWLRQUHVXOWVVKRZWKDWWKH
SURSRVHGPHWKRGFDQJUHDWO\UHGXFHWKHFRPPLVVLRQHUURUDQGLQFUHDVHWKHRYHUDOOGHWHFWLRQUDWH
WRDODUJHH[WHQGZKHQFRPSDUHGZLWKWKHWUDGLWLRQDOORFDOPD[LPDGHWHFWLRQEDVHGVLQJOHWUHH
GHWHFWLRQPHWKRG 

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
&DQDGD¶VUHVRXUFHURDGVDUHQRWDOZD\VHQJLQHHUHGWRHQVXUHRSWLPDOURDGXVHUVDIHW\,Q
%ULWLVK&ROXPELD¶VIRUHVWVHFWRUUHFRUGHGIDWDOLWLHVILYHRIZKLFKRFFXUUHGRQUHVRXUFHURDGV
7KHIROORZLQJ\HDUWKH%&JRYHUQPHQWDQGLWVSDUWQHUVDFWHGWRLPSURYHWKHVDIHW\RI%&¶V
URDGVE\DVNLQJ)3,QQRYDWLRQVWRGHYHORSDFRVWHIIHFWLYH5RDG6DIHW\,QVSHFWLRQ56,VHUYLFH
WKDWFRXOGSULRULWL]HURDGVDIHW\XSJUDGHVDQGWUDIILFFRQWUROPHDVXUHV7KLVSRVWHUSUHVHQWVWKH
GHYHORSPHQWDQGLPSOHPHQWDWLRQRI)3,QQRYDWLRQV¶/L'$5EDVHG56,VHUYLFHDQGGLVFXVVHV
WKHVHUYLFH¶VEHQHILWVXVLQJUHVXOWVIURPFRPSOHWHG56,V'HYHORSLQJWKH56,VHUYLFHILUVW
LQYROYHGVSHFLI\LQJWKHUHTXLUHPHQWVIRUURDGJHRPHWU\DFTXLVLWLRQDQGWKHQSDUWQHULQJZLWK
FRPSDQLHVWKDWRSHUDWHGYHKLFOHPRXQWHG/L'$57ULPEOH¶V7ULGHQW$QDO\VWVRIWZDUHZDVXVHG
WRGHYHORSDPHWKRGRORJ\WKDWDXWRPDWHVWKHDQDO\VLVRIWKHFROOHFWHGSRLQWFORXGGDWDVHWVIRU
VLJKWGLVWDQFHFDOFXODWLRQVDQGRWKHUURDGSDUDPHWHUV6LQFH)3,QQRYDWLRQVKDVSHUIRUPHG
RYHUNPRI56,VRQ%&UHVRXUFHURDGVOHYHUDJLQJLQYHVWPHQWVIURPSDUWQHUVVXFKDV7RONR
,QGXVWULHV:RUN6DIH%&%&)RUHVW6DIHW\&RXQFLODQGWKH%&0LQLVWU\RI)RUHVWV/DQGVDQG
1DWXUDO5HVRXUFH2SHUDWLRQV&ROODERUDWLRQZLWKWKHVHSDUWQHUVLQIXOOVFDOHRSHUDWLRQDOWULDOV
KDVVKRZQWKH/L'$5EDVHG56,VHUYLFHWRSURYLGHVLJQLILFDQWFRVWDQGWLPHVDYLQJVFRPSDUHG
WRWUDGLWLRQDO56,PHWKRGVDQGWRGHOLYHUSRLQWFORXGGDWDVHWVWKDWKDYHSRWHQWLDOXVHLQYDOXH
DGGHGDFWLYLWLHVVXFKDVDVEXLOWPRGHOLQJDQGFXWDQGILOOFDOFXODWLRQV
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Abstract 
!
Various methods have been used to estimate the amount of above ground forest biomass across 
landscapes and to create biomass maps for specific stands or pixel across ownership or project areas. 
Without an accurate estimation method, land managers might end up with incorrect biomass estimate 
maps, which could lead them to make poorer decisions in their future management plans. 
Previous research has shown that nearest-neighbor imputation methods can accurately estimate 
forest volume across a landscape by relating variables of interest to ground data, satellite imagery, and 
light detection and ranging (LiDAR) data. Alternatively, parametric models, such as linear and non-linear 
regression and geographic weighted regression (GWR), have been used to estimate net primary 
production and tree diameter. 
The goal of this study was to compare various imputation methods to predict forest biomass, at a 
project planning scale (<20,000 acres) on the Malheur National Forest, located in eastern Oregon, USA.  
This study compared the accuracy of linear regression, GWR, gradient nearest neighbor (GNN), most 
similar neighbor (MSN), random forest imputation, and k-nearest neighbor (k-nn) to estimate biomass 
(tons/acre) and basal area (sq. feet per acre) across 19,000 acres on the Malheur National Forest.  
To test these imputation methods a combination of ground inventory plots, LiDAR data, satellite 
imagery, and climate data were analyzed, and their root mean square error (RMSE) and bias were 
calculated. For biomass prediction, the k-nn,(k=5) had the lowest RMSE and least amount of bias. The 
second most accurate method consisted of the k-nn  (k=3), followed by the GWR model, and the random 
forest imputation. The GNN method was the least accurate. For basal area prediction, the GWR model 
had the lowest RMSE and least amount of bias. The second most accurate method was k-nn (k=5), 
followed by k-nn (k=3), and the random forest method. The GNN method, again, was the least accurate. 
Further analysis is being done to compare the two best performing methods: k-nn (k=5) and 
GWR, to MSN (the current method used for forest planning purposes on the Malheur National Forest) to 
examine their predictive abilities at varying geographic scales on the Malheur National Forest. 
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National Park 
 
Emanuelle A. Feliciano1, Shimon Wdowinski2 & Matthew D. Potts3  
 
1University of Miami; efeliciano@rsmas.miami.edu 
2University of Miami; swdowinski@rsmas.miami.edu 
3UC Berkeley; mdpotts@berkeley.edu 
 
Paper Number: SL2012-187 
 
Abstract  
 
Wetland forest ecosystems, such as the Everglades National Park (ENP) have greater carbon 
storage and sequestration capabilities than tropical and temperate forests, especially in their 
mangrove ecosystems. Mangrove ecosystems form an essential link between terrestrial and 
aquatic ecosystems providing refuge and food for various animal species and reducing the 
devastating effects of tropical storms. However, mangrove environments are being threatened 
by accelerated climate change, sea level rise and coastal projects. Carbon/biomass losses due to 
natural or human intervention can affect global warming. Thus, it is important to monitor 
biomass fluctuations in large wetland forests similar to the ENP. Tree volume and tree wood 
specific density are two important measurements for the estimation of vegetation above-ground 
biomass (mass = volume * density). Wood specific density is acquired in the laboratory by 
analyzing stem cores acquired in the field. However, tree volume is a challenging task because 
trees resemble tapered surfaces. The majority of published studies estimate tree volume and 
biomass using allometric equations, which describe the size, shape, volume or biomass of a 
given population of trees. However, the equations can be extremely general and might not give 
a representative value of volume or biomass for a specific tree species. In order to have precise 
biomass estimations, other methodologies for tree volume estimation are needed. To overcome 
this problem, we use a ground-based Light Detection and Ranging (LiDAR) a.k.a Terrestrial 
Laser Scanner (TLS), which can be used to precisely measure tree volume from its 3-D point 
cloud. The 3-D point cloud revealed that trees could be modeled as a combination of tapered 
geometric surfaces called frustums. The volume of the various geometric frustums can be 
estimated using specific mathematical formulas. We surveyed three mangrove communities: 
(Rhizophora mangle, Laguncuria racemosa and Avicennia germinans) in three different sites 
along Shark River Slough (SRS), which is the primary source of water to the ENP. Our sites 
were located in the Southwestern portion of the SRS that resembles the spatial distribution of 
mangrove size and shape of the coastal ENP and includes small-, intermediate- and tall- size 
mangroves. Our ground measurements included both: traditional forestry surveys and 
state-of-the-art TLS surveys for tree attributes (height, diameter at breast height (DBH), canopy 
cover) comparison. Traditionally, these attributes are used as input to allometric equations for 
the estimation of tree volume or biomass. The TLS surveys provided centimeter resolution 3-D 
point clouds of the below-canopy vegetation. A total of 25 scans were collected in 2011 with a 
Leica ScanStation C10 TLS, which utilizes a narrow, green (532 nm) laser beam. In this study, 
we compare our TLS-based tree volume/biomass versus allometric equation-based tree 
volume/biomass for our vegetation sites. Preliminary results yielded a good agreement between 
the TLS-based and the allometric-based measurements. This investigation contributes with the 
Reducing Emissions from Deforestation and Forest Degradation (REDD) project goals, in 
which large-scale biomass, carbon stock and vegetation structure monitoring are needed. 
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Automatic Reconstruction of Stem Volume using Terrestrial Lidar 
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Abstract  

/DVHU UHPRWH VHQVLQJKDVEHHQXVHG IRUPDQ\DSSOLFDWLRQV VXFKDV FUHDWLQJ'70HVWLPDWLQJ
IRUHVWELRPDVVDQGPHDVXULQJEXLOGLQJVRUDUWLILFLDOREMHFWV/DVHUFDQSURYLGHKLJKTXDOLW\
GLPHQVLRQDOVWUXFWXUDOGDWDDQGVRLWFRXOGEHXVHGDVJURXQGWURWKLQJGDWDIRUVDWHOOLWHUHPRWH
VHQVLQJ,QWKLVVWXG\WHUUHVWULDOOLGDUZDVXVHGWRHVWLPDWHWKHDPRXQWRIIRUHVWELRPDVVDVWKH
JURXQGWURWKLQJGDWDRIVDWHOOLWHUHPRWHVHQVLQJ)LHOGYDOLGDWLRQRIIRUHVWELRPDVVLVHVVHQWLDO
IRU HQVXULQJ WKH TXDOLW\ RI GDWD UHTXLUHG WR GHYHORS ERWK GRPHVWLF DQG LQWHUQDWLRQDO
HQYLURQPHQWDO SROLF\ (VSHFLDOO\ WHUUHVWULDO ODVHU DSSURDFK LV FRQVLGHUHG DV WKH EHVW ZD\ WR
PHDVXUHWUHHVDFFXUDWHO\DQGHIILFLHQWO\ZKLOHPDQXDOPHDVXUHPHQWOLNHO\FDXVHVHUURUV 

$ERYHJURXQGELRPDVVKDVEHHQHVWLPDWHGIURPVWHPYROXPHZKLFKYDULHVGHSHQGLQJRQ WUHH
VSHFLHV7KLVVWXG\DLPVWRDXWRPDWLFDOO\TXDQWLI\VWHPYROXPHE\WHUUHVWULDOODVHUWRHVWLPDWH
WKH DPRXQW RI IRUHVW ELRPDVV 7KH WHUUHVWULDO OLGDU VHQVRU ZH XVHG LV 5LHJO 9= 'LJLWDO
7HUUDLQ0RGHO'70LVFUHDWHGIURPWKHODVHUGDWDE\WKHPXOWLJULGPHWKRG$QGZDWHUVKHG
VHJPHQWDWLRQ LV DSSOLHG WR VHJPHQWSRLQWV UHSUHVHQWLQJD VLQJOH WUHH7KHQYR[HOV DUH FUHDWHG
IURPWKHVHJPHQWHGSRLQWVDQGLGHQWLI\VWHPSDUWV6WHPSRLQWVDUHWKHQH[WUDFWHGDQGZUDSSHG
E\WKHZUDSSLQJPHWKRGXVLQJUDGLDOEDVLVIXQFWLRQDQGFRPSXWHUJUDSKLFWHFKQLTXHVWRHVWLPDWH
VWHPYROXPH           

2XUVWXG\DUHDLVORFDWHGLQDFRPPHUFLDOSODQWDWLRQDUHDRI-DSDQHVHFHGDUDQGVHFRQGDU\RDN
IRUHVWDURXQG7RN\RDUHDLQ-DSDQ6WHPVWUXFWXUHRI-DSDQHVHFHGDULVQHDUO\VWUDLJKWZKLOHWKDW
RI DQRDN WUHH LV WZLVWHG DQG WKXVERWWRPDQG WRSRI LWV VWHPGRHVQRWPDWFK7KHPHWKRG LV
WHVWHGZLWKERWKFRQLIHURXVDQGGHFLGXRXVWUHHVWHPVWRFKHFNLWVYLDELOLW\$WWKHVDPHWLPH
GHVWUXFWLYHVDPSOLQJVZHUH WDNHQ WRPHDVXUH WKH VWHPVGLUHFWO\RQ WKHJURXQG7KH WHUUHVWULDO
OLGDUVHQVRUZHXVHGLV5LHJO9= 

$VDUHVXOWRIVWHPIURPWKHERWWRPZDVFDSWXUHGXVLQJYHUWLFDOVFDQQLQJDQGZDV
FDSWXUHGXVLQJKRUL]RQWDOVFDQQLQJ7KHUHODWLYHHUURURIVWHPYROXPHZDVRQO\DQG
IRU FRQLIHURXV DQGGHFLGXRXV WUHH VWHPV UHVSHFWLYHO\7KH UHODWLYH HUURU RI FRQYHQWLRQDO VWHP
YROXPHHTXDWLRQLV％ DQGIRUFRQLIHURXVDQGGHFLGXRXVWUHHVWHPVUHVSHFWLYHO\7KH
UHVXOWVVKRZVLJQLILFDQWLPSURYHPHQWLQHVWLPDWLQJVWHPYROXPHLIWHUUHVWULDOOLGDUZDVXVHG,W
LV GLUHFW DXWRPDWLF DQG QRQGHVWUXFWLYHZD\ WR TXDQWLI\ WKH VWHP YROXPH 7KH VWHP YROXPH
HTXDWLRQKDVEHHQEXLOWIRUPDQ\FRQLIHURXVVSHFLHVVLQFHWKHLUVWHPVDUHVWUDLJKWDQGKDYHWKH
VDPH VKDSH RI WUXQN ZKLFK FDQ EH TXDQWLILHG VWDWLVWLFDOO\ +RZHYHU WKH VWHP YROXPH RI
GHFLGXRXVWUHHVOLNHRDNFDQQRWEHTXDQWLILHGVWDWLVWLFDOO\IRULWVVKDSHVDUHDOOGLIIHUHQWHYHQLQ
WKH VDPH VSHFLHV 7KH WHFKQLTXHV XVHG IRU WKLV UHVHDUFK LV YHU\ XVHIXO WR TXDQWLI\ WKH VWHP
YROXPHIRUDQ\VKDSHRIVWHPV

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Mapping the forest type for forest management using LiDAR data 
 
Fumihiko Itoh1, Katsumasa Oono1, Yoshihira Ogawa1 & Masako Saitou2 
 
1Asia Air Survey Co.,Ltd. fmh.itoh@ajiko.co.jp 
2Kagoshima Prefectural Government Office. masako-saitou@pref.kagoshima.lg.jp 
 
Paper Number:  SL2012-196 
 
Abstract 
 
A forest type map is a basic data for forest management. It has been classified by aerial 
photograph and satellite image. However, there are some places where visual interpretation 
becomes difficult to classify the forest type by influence of shadow. In addition, it is difficult to 
identify the difference in composition of tree species in the limited color value of these images. 
This study introduces new type of image which made from LiDAR data to classify forest types 
at tree species level. 
This study was carried out in national forest of Miyazaki prefecture, Japan, which covers 
approximately 15 km2. The study area is covered by broad-leaved secondary forest, plantation 
of Japanese cedar (Cryptomeria japonica), and Japanese cypress (Chamaecyparis obtusa) for 
the most parts. LiDAR data was acquired at 4 points/m2 density in October, 2011 by ALS50 
(Lica Geosystems). 
Three types of data are generated from LiDAR data. They are (1) DCHM (Digital Canopy 
Height Model) image, (2) canopy texture image that is created from DCHM data, and (3) DIM 
(Digital Intensity Model) image that is derived from intensity data of laser pulse. DCHM image 
shows tree height. Canopy texture image represents canopy shape and canopy pattern. DIM 
image indicates intensity of laser pulse reflection. In the field survey, it was found that the 
difference in the intensity of laser pulse reflection is related to the size of leave area and vertical 
structure of canopy.  
Those images are combined into one image and adjusted color tone. The image named “Laser 
Forest Type Image”. It can be identified stand height and composition of tree species by color 
patterns and texture without influence of the shadow.  
The forest of study area is classified by visual interpretation using the Laser Forest Type Image, 
and the result of interpretation is mapped as a forest type map below 7 classes; (1) Broad-leaved 
forests dominated with pioneer-shrub, (2) Tall secondary forest dominated with wind-dispersed 
species, (3) Tall secondary forest dominated with high sprouting capacity species, (4) Various 
species composed mature forest, (5) Plantation of Japanese cedar, (6) Plantation of Japanese 
cypress, and (7) others (bare ground etc.).  
Moreover, it became possible to understand the relation between forest type and terrain by 
combining Laser Forest Type Map and Terrain Relief Image that is made from DTM (Digital 
Terrain Model). 
Laser Forest Type Image is an effective image which like an aerial photograph and a satellite 
image for mapping the forest type. 
 
Reference 
 
Kyushu Regional Forest Office, 2012. “Report on the survey of current forest conditions that 
utilized remote sensing technology in 2012”, Kumamoto (Japan), Kyushu Regional 
Forest Office, Forestry Agency: 73pp. 
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Abstract  
 
One of the main products derived from classifying and filtering the LiDAR data are digital 
terrain models (DTM). Until recently, DTMs were derived from photogrammetric techniques. 
The purpose of this article is to make a comparison between both types of DTM in a forest area 
of the Island of Tenerife (Spain). 
 
The study area is located in the northwest of the Island of Tenerife - Spain (28° 25' 32' N, 16º 
24' 40' W). It is an area of steep slopes and covered by different plant species: chestnut 
(Castanea sativa), eucalyptus (Eucaliptus globulus), pines (Pinus radiata, Pinus canariensis) 
and a very common plant association on the island, the fayal-brezal (Myrica faya-Erica arborea).  
 
The LiDAR data was acquired with a discrete return system in summer 2010 with a density of 
0.8 points/m2. 
 
The first step was to obtain a DTM derived from LiDAR data using the LAStools software suite. 
After this, we compared the resulting DTM with an existing photogrammetric DTM and 
computed a disagreement model. This disagreement model showed elevation differences 
ranging from 30.32 m to -19.93 m. 
 
To verify which of the two DTM was more in line with reality, we took measures of three 
elevation profiles using total station techniques,in the areas of greatest disagreement. For each 
of the three profiles, the results were three lines modeling the ground (topographic 
measurements-real ground, ground LiDAR, ground photogrammetry). 
 
Analyzing the three profiles demonstrated that LiDAR is able to define in a more realistic 
manner the ground surface in areas of dense vegetation where the ground is invisible 
photogrammetric operators. 
 
Our findings are now being used to correct the contour lines in dense forest areas in all the 
official topographic maps of the Canary island with ground information from the LiDAR DTM. 
 
References  
Aguilar, J., Mills, J., Delgado, J., 2009. Modelling vertical error in LiDAR derived digital 
elevation models. ISPRS Journal of Photogrametry and Remote Sensing 65, pp 
103-110. 
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Paper Number:  # SL2012-199 
 
Abstract 
 
The National Ecological Observatory Network (NEON) is a continental-scale research platform 
that will collect information on ecosystems across the United States to advance our 
understanding and ability to forecast environmental change at the continental-scale. The 
Airborne Observation Platform (AOP) will fly an instrument suite consisting of a 
visible-to-shortwave infrared imaging spectrometer, a full waveform LiDAR, and a 
high-resolution digital camera. NEON AOP will focus on several of the terrestrial Essential 
Climate Variables (ECV) including bioclimate, biodiversity, biogeochemistry, and land use 
products. These variables are collected throughout a network of 60 sites across the Continental 
United States, Alaska, Hawaii and Puerto Rico via ground-based and airborne measurements. 
 
A series of AOP test flights were conducted during the first year of NEON construction with the 
goal to test out instrument functionality and performance, exercise our remote sensing collection 
protocols, and provide data for algorithm and product validation. These test flights will attempt 
to address the following questions: What is the optimal remote sensing data collection protocol 
to meet NEON science requirements? How do aircraft altitude, spatial sampling, spatial 
resolution, and LiDAR instrument configuration affect data retrievals? What are appropriate 
algorithms to derive ECVs from AOP data? What methodology should be followed to validate 
AOP remote sensing products and how should ground truth data be collected? Early test flights 
around Grand Junction, CO and Ivanpah, CA in May 2012 were focused on radiometric and 
geometric calibration as well as processing from raw data to Level-1 products. Next, flights 
were conducted in the Northeast at Harvard and Bartlett Forests in August 2012 with a focus on 
vegetation chemistry and structure measurements. Vegetation field sampling measurements 
were performed in coordination with the test flights, including ground LiDAR measurements to 
validate the airborne LiDAR instrument. An overview of the test flights and ground campaigns 
will be provided along with any preliminary results that are available. 
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Using LIDAR to detect fallen trees and wood accumulations in 
streams: a scaled approach 
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Abstract 

)RUHVWVVLJQLILFDQWO\LQIOXHQFHZDWHUVKHGK\GURORJ\IORZUHJLPHDQGFKDQQHOPRUSKRORJ\DQG
SURFHVVHV LQ VWUHDPV WKURXJK WKH DEXQGDQW VXSSO\ RI ZRRG LQWR WKH FKDQQHO QHWZRUN 6XFK
HIIHFWV DUH SDUWLFXODUO\ WKH UHVXOW RI WKH ZLWKLQFKDQQHO DFFXPXODWLRQ RI ODUJH ZRRG\ GHEULV
/:'DQGFKDQQHOPDUJLQWUHHV:LWKLQFKDQQHOZRRGKDVEHHQGHPRQVWUDWHGWREHFULWLFDOO\
LPSRUWDQW LQUHJXODWLQJVHGLPHQW WUDQVSRUWDQGGLYHUVLI\LQJFKDQQHOIRUP WKHUHE\DOVRKDYLQJ
PDMRUHIIHFWVRQDTXDWLFDQGULSDULDQHFRORJ\/:'H[HUWVLWVJUHDWHVWJHRPRUSKLFLQIOXHQFHLQ
FKDQQHOVZLWKSK\VLFDOGLPHQVLRQVVLPLODUWRRUVPDOOHUWKDQWKHVL]HRIZRRGWKHUHIRUHZRRG
SOD\VDGLVSURSRUWLRQDWHO\ODUJHUROHLQVPDOOVWUHDPV,QWKHVHVWUHDPVZRRGFRQWUROVFKDQQHO
PRUSKRORJ\ E\ UHJXODWLQJ WKH WHPSRUDO VSDWLDO FKDUDFWHU DQG TXDQWLW\ RI VHGLPHQW VWRUHG
ZLWKLQWKHFKDQQHO]RQHDQGWKHUHE\LQIOXHQFHVFKDQQHOVWDELOLW\

8VLQJ /L'$5 WHFKQRORJ\ ZH SURSRVH WR GHYHORS DQ DXWRPDWHG PRGHO WR LGHQWLI\
ZLWKLQFKDQQHO ZRRG DORQJ FKDQQHO QHWZRUNV 7KLV PRGHO LV OLNHO\ WR UHGXFH WKH QHHG IRU
H[WHQVLYH ILHOGZRUN DQG DOORZ XV WR LGHQWLI\ PDMRU ORFDWLRQV RI ZRRG ZLWKLQ WKH FKDQQHO
QHWZRUN $OWKRXJK RUWKRSKRWRV FDQ EH XVHG WR LGHQWLI\ ORJMDPV LQWHUSUHWDWLRQ LV D PDQXDO
SURFHVVDQGLVOHVVKHOSIXOLQDUHDVZKHUHWKHFDQRS\FDQREVWUXFWWKHYLHZRIWKHFKDQQHO,QWKH
SURSRVHG DXWRPDWHG V\VWHP ZH VKDOO H[DPLQH IDFWRUV VXFK DV ZKDW LV WKH VPDOOHVW FKDQQHO
ZLGWKLQZKLFKZRRGMDPVFDQEHGHWHFWHGE\/L'$5DQGWKHLPSDFWRIIRUHVWFDQRS\RQWKH
GHWHFWLRQ SURFHVV 7KHUHIRUH ZH ZLOO DGGUHVV WKH IROORZLQJ TXHVWLRQV LQ RXU UHVHDUFK &DQ
/L'$5 WHFKQRORJ\ EH KDUQHVVHG WR LGHQWLI\ZRRG LQ FKDQQHOV"+RZZLOO FKDQQHOZLGWK DQG
FDQRS\YLHZREVWUXFWLRQLPSDFWWKHLGHQWLILFDWLRQSURFHVV"

7KHVH TXHVWLRQV ZLOO EH DVVHVVHG WKURXJK DQ LQWHJUDWHG SURJUDP RI DHULDO SKRWRJUDSK
LQWHUSUHWDWLRQILHOGPDSSLQJDQGGHWDLOHG'(0DQDO\VLV6WXG\VLWHVZLOOEHGUDZQIURPDUHDV
RI WKH )RRWKLOOV RI $OEHUWD VSHFLILFDOO\ LQ :LOGKD\ 5LYHU DQG 0REHUO\ &UHHN ZKHUH
/L'$5GDWDLVDYDLODEOHIRUWRSRJUDSKLFDOO\FRPSOH[JODFLDWHGGUDLQDJHEDVLQV7RDFKLHYHWKLV
ZHSURSRVHWRFRQGXFWDPXOWLVFDOHLQWHJUDWHGILHOGDQG'(0EDVHGVWXG\HPSOR\LQJDVSHFLILF
PHWKRGRORJLFDO DSSURDFK VWDUWLQJ RXU LQYHVWLJDWLRQ LQ ODUJH VWUHDPV !PZLGH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D UHDVRQDEOH /L'$5EDVHG PRGHO EH FDSDEOH RI GHWHFWLQJ IDOOHQ WUHHV LQ ODUJH ULYHUV WKH
LQYHVWLJDWLRQZLOO SURFHHG WR VPDOOHU VWUHDPV P7KH UHVXOWZLOO DOVR KDYH WZR VFDOLQJ
FRPSRQHQWV WKHPLQLPXP VL]H RIZRRG WKDW FDQ EH GHWHFWHG LQ ULYHUVZKHQ WKH YLHZ RI WKH
FKDQQHO LV XQREVWUXFWHG E\ WKH FDQRS\ DQG KRZ VXFK GHWHFWLRQ PD\ FKDQJH DV WKH FDQRS\
SURJUHVVLYHO\REVWUXFWVWKHYLHZRIFKDQQHO
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Abstract 

2XUREMHFWLYHZDVWRDVVHVVWKHHIIHFWRIPXOWLSOHVFDWWHULQJRQOLGDUUDGLDWLYHWUDQVIHU:HKDYH
GHYHORSHGD WLPHGHSHQGHQW UDGLRVLW\EDVHGPRGHO WR VLPXODWH WKHSURSDJDWLRQRI OLGDUSXOVHV
WKURXJKIRUHVWFDQRSLHV7KHPRGHOKDVILYHGLVWLQFWVWHSVDVIROORZVJHQHUDWHD'VFHQH
XVLQJPXOWLVFDOHSRO\KHGUD GHWHUPLQH WKH IRUPYLHZ IDFWRUV IUDFWLRQRI HQHUJ\ OHDYLQJD
JLYHQSDWFKWKDWLVUHFHLYHGDWDQRWKHUSDWFKGHILQHVHQVRUSRVLWLRQDQGFKDUDFWHULVWLFV
GLVWULEXWH DQG JDWKHU OLJKW DW HDFK WLPH VWHS FXUUHQWO\  16  UHFRUG WKH UHVXOWLQJ
ZDYHIRUP
7KHPRVW LPSRUWDQWPRGHO FRQWULEXWLRQ LV WKH H[SOLFLW FKDUDFWHUL]DWLRQ RIPXOWLSOH VFDWWHULQJ
ZLWKWLPH7KH'QDWXUHHQDEOHVVLPXODWLRQRI OLGDUZDYHIRUPVHYHQZLWKYDULHG WRSRJUDSK\
DQG FOXPSLQJ YHJHWDWLRQ 7KH LQFLGHQFH DQJOH FDQ EH VSHFLILHG 7KLV QHZ PRGHO KDV WKH
SRWHQWLDO WRSURYLGHEHWWHUDSSUR[LPDWLRQVRI UHWXUQZDYHIRUPV7KHSURWRW\SH LVEHLQJ WHVWHG
XVLQJ GDWD IURP WKH *HRVFLHQFH /DVHU $OWLPHWHU 6\VWHP */$6 DFTXLUHG RYHU WKH (DVWHUQ
6KRUHRI9LUJLQLD86$$LUERUQHOLGDUDQGSKRWRVZHUHXVHGWRFUHDWH'FDQRS\VWUXFWXUHVRQ
VL[ RQHKHFWDUH SORWV FRQWDLQLQJ */$6 IRRWSULQWV DFURVV D UDQJH RI PHDQ KHLJKWV 7KH GDWH
GLIIHUHQFHVEHWZHHQ*/$6DQG'FDQRS\VWUXFWXUHVIURPWR\HDUVFDQUHVXOWLQYLVLEOHWUHH
KHLJKWJURZWKOHDGLQJWRDFDQRS\VKLIWRQWKHZDYHIRUPV&RQVLGHULQJWKDWPRGHOVLPXODWHG
UHODWLYHDQGDEVROXWHZDYHIRUPVVKRZJRRGDJUHHPHQWZLWKPHDVXUHGVLJQDOV5HVXOWV WRGDWH
LQGLFDWH WKDW PXOWLSO\VFDWWHUHG SKRWRQV GR LQFUHDVH WKH LQWHQVLW\ RI WKH UHIOHFWHG VLJQDO
HVSHFLDOO\WKHSRUWLRQRULJLQDWLQJIURPWKHORZHUSRUWLRQVRIWKHFDQRS\$SHDNRIIVHWLQGLFDWRU
ǻ3ZDV GHILQHG WR DVVHVV WKHPXOWLSOH HIIHFWV E\ ILWWLQJ WZR*DXVVLDQ IXQFWLRQV RQ VLQJOH RU
PXOWLSOHVFDWWHUHGZDYHIRUPV 
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Abstract  

0XOWLWHPSRUDO DLUERUQH ODVHU SURILOLQJ RI SHDW VZDPS IRUHVW GHVLJQDWHG DV 1DWLRQDO SDUN
KHQFHIRUWKSURWHFWHGDUHDDQGXQSURWHFWHGSHDWVZDPSIRUHVWKHQFHIRUWKXQSURWHFWHGDUHDLQ
&HQWUDO.DOLPDQWDQ,QGRQHVLDLQDQGUHYHDOHGWKDWWKHXQSURWHFWHGDUHD¶VYHJHWDWLRQ
KDVEHHQGHJUDGLQJUHODWLYHWRWKHSURWHFWHGDUHDLHRIWKHSURWHFWHGDUHDUHPDLQWKHVDPH
IRUHVWUHJURZWKDQGYHJHWDWLRQUHFRYHU\DQGYHJHWDWLRQGHJUDGDWLRQRQWKHRWKHUKDQG
RIWKHXQSURWHFWHGDUHDUHPDLQWKHVDPHIRUHVWUHJURZWKDQGYHJHWDWLRQUHFRYHU\DQG
 YHJHWDWLRQ GHJUDGDWLRQ ,Q WKH XQSURWHFWHG DUHD WKH GHJUDGDWLRQ WUDQVLWLRQ IURP ³/RZ
)RUHVW´WR³%XVK´LVPDMRULW\IROORZHGE\IURP³%XVK´WR³*UDVVODQG´7KHUHZHUHERWKDORQJ
WKHURDGULYHUDQGWKHFDQDOZKLFKPDNHLWHDV\WRJHWLQWRWKHIRUHVWWKHIRUPHULVGXHWRLOOHJDO
ORJJLQJDQGWKHODWWHULVGXHWRILUHFRQVLVWHQWZLWKVODVKDQGEXUQIDUPLQJ7KHIRUHVWUHJURZWK
DQGYHJHWDWLRQUHFRYHU\RIWKHERWKDUHDPDLQO\RFFXUUHGLQEXUQHGRXWIRUHVWZKHUHGHYDVWDWHG
E\ ILUHGXH WR WKH(O1LQRRI WKHQ WKHUH LV QRGLIIHUHQFHRIYHJHWDWLRQ UHFRYHU\ IDFWRU
EHWZHHQ WKH WZR VLWHV&RQVHTXHQWO\ WKHSHDW VZDPS IRUHVWSURWHFWLRQ LQFHQWUDO.DOLPDQWDQ
,QGRQHVLDKDVEHHQVKRZQWREHHIIHFWLYHLQSUHYHQWLRQRIYHJHWDWLRQGHJUDGDWLRQ
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
$QGUHZ0HOORU-RKQ$UPVWRQ$QGUHZ+D\ZRRG'DULXV&XOYHQRU6WXDUW
3KLQQ3HWHU6FDUWK5LFKDUG/XFDV  

'HSDUWPHQWRI6XVWDLQDELOLW\DQG(QYLURQPHQW0HOERXUQH9LFWRULD$XVWUDOLD
DQGUHZPHOORU#GVHYLFJRYDX
-RLQW5HPRWH6HQVLQJ5HVHDUFK3URJUDP6FKRRORI*HRJUDSK\3ODQQLQJDQG
(QYLURQPHQWDO0DQDJHPHQW8QLYHUVLW\RI4XHHQVODQG%ULVEDQH$XVWUDOLD
5HPRWH6HQVLQJ&HQWUH'HSDUWPHQWRI6FLHQFH,QIRUPDWLRQ7HFKQRORJ\,QQRYDWLRQ
DQGWKH$UWV'XWWRQ3DUN4XHHQVODQG$XVWUDOLD 
&RPPRQZHDOWK6FLHQWLILFDQG,QGXVWULDO5HVHDUFK2UJDQLVDWLRQ&6,529HJHWDWLRQ
6HQVLQJ	,QIRUPDWLRQ&6,52/DQG	:DWHU&OD\WRQ9LFWRULD$XVWUDOLD
,QVWLWXWHRI*HRJUDSK\DQG(DUWK6FLHQFHV$EHU\VWZ\WK8QLYHUVLW\$EHU\VWZ\WK
&HUHGLJLRQ:DOHV8.

3DSHU1XPEHU  6/ 

Abstract 
7KH-RLQW5HPRWH6HQVLQJ5HVHDUFK3URJUDP-5653LVDFROODERUDWLYHSURJUDPWKDWFRPELQHV
UHVHDUFK WUDLQLQJ H[SHUWLVH DQG LQIUDVWUXFWXUH WR VXSSRUW WKH ZRUN RI JRYHUQPHQW ODQG
PDQDJHPHQW DJHQFLHV LQ 4XHHQVODQG 1HZ 6RXWK :DOHV DQG 9LFWRULD 7KH -5653 KDV EHHQ
HVWDEOLVKHGWRHQFRXUDJHJUHDWHUFRRSHUDWLRQEHWZHHQWKHUHVHDUFKFRPPXQLW\DQGJRYHUQPHQW
:LWKRXW WKLV FRRSHUDWLRQ NH\ UHVHDUFK WKDW LV FRPPRQ WR D QXPEHU RI $XVWUDOLDQ ODQG
PDQDJHPHQW DJHQFLHVZRXOGEHERWK FRVWO\ DQG LQHIILFLHQW 7KURXJK WKH -5653 DQXPEHURI
UHVHDUFKSURMHFWVDUHEHLQJXQGHUWDNHQWRFDOLEUDWHYDOLGDWHDQGLPSURYHWKHDFFXUDF\RIRSWLFDO
UHPRWH VHQVLQJ GHULYHG ODUJHDUHD YHJHWDWLRQ LQIRUPDWLRQ SURGXFWV XVLQJ DLUERUQH OLGDU DQG
WHUUHVWULDO ODVHU VFDQQLQJ 7KHVH ODUJHDUHD YHJHWDWLRQ SURGXFWV DUH HVVHQWLDO IRU ODQG
PDQDJHPHQWDJHQFLHVWRXQGHUWDNHFRQVLVWHQWDQGUHJXODUPDSSLQJDQGPRQLWRULQJVXSSRUWLQJ
QDWXUDOUHVRXUFHPDQDJHPHQWGHFLVLRQPDNLQJDQGPHHWDUDQJHRIOHJLVODWLYHUHTXLUHPHQWV,Q
4XHHQVODQG ILHOG DQG DLUERUQH OLGDU VXUYH\V DUH EHLQJ XVHG WR LQGHSHQGHQWO\ YDOLGDWH DQQXDO
/DQGVDW70(70GHULYHGIROLDJHSURMHFWLYHFRYHU)3& ± WKHYHUWLFDOO\SURMHFWHGSHUFHQWDJH
FRYHU RI SKRWRV\QWKHWLF IROLDJH RI DOO VWUDWD± DFURVVPRUH WKDQ  VLWHV LQ HDVWHUQ $XVWUDOLD
$LUERUQH DQG JURXQGEDVHG GLVFUHWH UHWXUQ DQG ZDYHIRUP OLGDU DUH EHLQJ DSSOLHG WR HVWLPDWH
XQFHUWDLQW\ DQG YDOLGDWH WKH GHWHFWLRQ RI FKDQJH LQ YHJHWDWLRQ VWUXFWXUH DQG ELRPDVV IURP
PDSSLQJEHLQJFRQGXFWHGDFURVVHDVWHUQ$XVWUDOLDXQGHUWKHDXVSLFHVRIWKH-DSDQHVH$HURVSDFH
([SORUDWLRQ $JHQF\ -$;$ .\RWR DQG &DUERQ .	& LQLWLDWLYH ,Q 9LFWRULD WKUHH NP
LQVWUXPHQWHG UHVHDUFK VLWHVKDYHEHHQ HVWDEOLVKHGDFURVVZRRGODQGDQGRSHQ FDQRS\ HXFDO\SW
IRUHVWHFRV\VWHPV±UHSUHVHQWDWLYHRIPXFKRIVWDWH¶VPLOOLRQKHFWDUHVRISXEOLFIRUHVWV)XOO
ZDYHIRUP OLGDU KDV EHHQ DFTXLUHG DFURVV HDFK VLWH DQG UHVHDUFK IXVLQJPXOWL VRXUFH UHPRWH
VHQVLQJGDWD LVEHLQJXQGHUWDNHQ WRJHQHUDWH ODQGVFDSHVFDOHIRUHVWDWWULEXWLRQSURGXFWVDFURVV
IRUHVWHGHFRV\VWHPV,QDGGLWLRQLQFROODERUDWLRQZLWK&6,52KLJKWHPSRUDOUHVROXWLRQLQVLWX
DXWRQRPRXVODVHU9HJ1HWVFDQQHUVDUHEHLQJWULDOOHGDWWKHVHVLWHVWRFDOLEUDWHVDWHOOLWHLPDJHU\
DQG LPSURYHRXUXQGHUVWDQGLQJRIFDQRS\DQGXQGHUVWRUH\YHJHWDWLRQG\QDPLFVDWD YHU\KLJK
WHPSRUDOVFDOHZKLFKZRXOGEHXQIHDVLEOHXVLQJ WUDGLWLRQDO ILHOGZRUNPHWKRGV7KURXJKWKHVH
UHVHDUFKSURMHFWV WKH -5653FRQVRUWLXP LV HQDEOLQJ$XVWUDOLDQ ODQGPDQDJHPHQW DJHQFLHV WR
RSHUDWLRQDOL]HWKHODWHVWUHVHDUFKE\DSSO\LQJDFWLYHUHPRWHVHQVLQJWHFKQRORJLHVWRLPSURYHWKH
TXDOLW\DQGTXDQWLI\XQFHUWDLQW\RIVDWHOOLWHLPDJHU\GHULYHGODUJHDUHDYHJHWDWLRQSURGXFWVXVHG
IRUPDSSLQJPRQLWRULQJDQGUHSRUWLQJ 

